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With similar genome organization and replication strategies but with different 
host ranges, Turnip crinkle virus (TCV) and Hibiscus chlorotic ringspot virus 
(HCRSV) were chosen to construct coat protein (CP) mutants in this research. And the 
two mutants of TCV-CPHCRSV and HCRSV-CPTCV were made by exchanging CP 
reciprocally. Because viral CPs play important roles in viral infection and replication, 
by comparing the transcript profiles of Arabidopsis protoplasts infected with wild-type 
viruses and CP mutants, Arabidopsis genes interacting with virus would be screened 
out, especially those interacting with these two CP genes. 
Then the infectivity of TCV-CPHCRSV and HCRSV-CPTCV in both Arabidopsis 
and Hibiscus protoplasts was checked. It was shown that in Arabidopsis protoplasts 
both mutants and their wild-type viruses could replicate and express their CPs, while 
in Hibiscus protoplasts only TCV, HCRSV and HCRSV-CPTCV could replicate and 
express their CPs. This result implied that some processes were disturbed in the host-
mutant interaction and some genes should be involved in this process.  
Arabidopsis genomic microarray analysis was carried out to detect different 
global gene expression profiles resulting from different interactions with the host 
genes, which were indicated by the different expression levels of the viruses and 
mutants in Arabidospsis and Hibiscus protoplasts. And several data interpretation 
methods such as K-means clustering and two-way ANOVA were used to screen for 
the interesting genes from all the 22751 genes on the Arabidopsis chips.  
 VIII
Through K-Means clustering, it was found that the expression levels of many 
genes were depressed or activated by the host-virus interaction, and many of these 
genes were involved in transcription regulation, signal transduction, defense/stress 
response, and protein degradation machinery and so on. Moreover, many functionally 
unknown genes were also grouped in the clustering, which were considered to be 
putative genes that may play similar roles in the host-virus interaction. 
And by two-way ANOVA, three groups of genes were shown in Venn Diagram, 
where each group of genes were differentially expressed under the influence of 
interaction of host-CP, host-viral backbone (viral genes other than CP genes), host-
interaction of CP and viral backbone, respectively.  
In short, groups of genes with known or unknown functions were picked out as 
promising candidate genes which are likely to play important roles in plant-virus 
interaction. Starting with identification of Arabidopsis genes that interact with CPs 
and other viral genes from TCV and HCRSV, exact roles played by host genes in 
response to viral infection and the mechanisms of host-virus interaction may be 
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Chapter 1    Introduction 
        The interaction between host and pathogens has long been the subject of studies, 
since it is important to understand mechanisms behind it and to develop strategies to 
manage pathogens. Among such efforts, understanding the host-virus interaction is 
especially important because the viruses can cause severe economical and ecologic 
losses but there are not many effective ways to control them.  
        It is practial to resort to mutagenesis experiments to obtain information about 
interaction mechanisms, such as host silencing and silencing surpression, resistance, 
symptom modulation and so on. Accordingly, researchers have formulated strategies 
such as producing transgenic plants (Wisman and Ohlrogge, 2000), making 
recombinant viruses (Kong et al, 1995; Ryabov et al, 1999), and so on. In this study, 
the strategy of constructing recombinant viruses is adopted. 
        In this research, we used Turnip crinkle virus (TCV) and Hibiscus chlorotic 
ringspot virus (HCRSV) to construct coat protein (CP) mutants. And then we tested 
viral mutants by checking their infectivities. Finally, to study the mechanism of 
interaction, we used Arabidopsis microarray to find out candidate genes that may be 
involved in host-virus interaction. 
1.1    TCV and HCRSV 
1.1.1    Similar genome organization 
        TCV and HCRSV, as members of the genus Carmovirus, share properties such as 
morphology, nucleic acids and protein components, genome organization and 
mechanism of replication (Brunt et al, 1996). Both TCV and HCRSV have positive 
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single-stranded genomic RNA without poly (A) in the 3’ end or cap in the 5’ end of 
the genome (Guilley et al, 1985; Qu and Morris, 2000). In addition, two subgenomic 
RNAs in each of the two viruses share the 3’ terminus (Guilley et al, 1985). 
         In TCV genome, there are five open reading frames (ORFs, Morris and 
Carrington, 1988; Fig. 1.1 A). The 5’-proximal genes p28 and a readthrough product 
of p88 are translated directly from the genome RNA (gRNA, White et al, 1995). The 
rest three are translated from two subgenomic RNAs (sgRNA). Two small nested 
ORFs encode proteins p8 and p9 from a 1.7-kb sgRNA, both of which are required for 
cell-to-cell movement of the virus (Li et al, 1998). The coat protein p38 is encoded by 
the most 3’-proximal ORF in a 1.45-kb sgRNA and is required for RNA replication 
and virus movement (Carrington et al, 1987; Hacker et al, 1992).  
        HCRSV is a relatively new member of the carmovirus family (Huang et al, 
2000). Compared with TCV, biologically-active cDNA clone of HCRSV p223 (Huang 
et al., 2000) produced several more unique ORFs in vitro, namely p22.5, p24, p25, and 
p27 whose presence in vivo remains to be verified (Koh and Wong, unpublished data) 
and P23 that was demonstrated to be indispensable for host-specific replication (Liang 
et al, 2002) (Fig. 1.1 B).  
        Such similar genome organization and replication strategies shared by TCV and 
HCRSV make it plausible to exchange CP reciprocally. By comparing gene 
expression levels of hosts infected with different viral contructs, candidate genes 
involved in the interaction with Arabidopsis should be identified, particularly those 


















1.1.2 Different host ranges and symptoms   
        TCV has a broad host range, infecting species such as Arabidopsis thaliana, 
Nicotiana benthamiana, Chenopodium quinoa, et al, and induces various symptoms 
ranging from symptomless infection, mottling, stunting of plant to severe leaf 
distortion (http://www.ictvdb.rothamsted.ac.uk/ICTVdB/  74020012.htm#GenReplic). 
HCRSV primarily infects species in the Malvaceae family, and naturally occurs 
in Hibiscus cannabinus L. (kenaf), in which it incites chlorotic local lesions in one 
week and systemic necrotic ringspots in two weeks (Liang et al, 2002), but Hibiscus 
cannabinus can not be infected by TCV in nature. HCRSV can also infect C. quinoa 
and produces local lesions (Jones and Behncken, 1980).  
It is clear that TCV can infect Arabidopsis but not Hibiscus, while HCRSV can 
infect Hibiscus but not Arabidopsis. If the mutants constructed by exchanging CP 
genes of the two viruses reciprocally can infect the plants that the wild-type viruses 
can not, we may study the different functions of genes by comparing the interactions 
of wild-type viruses and viral mutants with the host plants.  
1.1.3    Research of interaction with mutation 
Considering TCV and HCRSV share similar genomic structures but have 
different host ranges, we studied the interaction of the viruses with hosts by making 
CP mutants. Our strategy was to reciprocally substitute CP genes of the two viruses 
with Arabidopsis, so that we can take advantage of abundant genetic information of 
this model plant.  
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For the research about interaction using viral mutants some results have already 
been reported. An example was that point mutations in TCV CP abolished TCV local 
and systemic movement in N. benthamiana (Heaton et al, 1991). Another example 
showed that virulent satellite RNA C (satC) restricted the chimera’s long-distance 
movement in A. thaliana, and attenuated the moderate symptoms induced by TCV-
CPCCFV (TCV with CP from the related Cardamine chlorotic fleck virus (CCFV)) 
(Kong et al, 1995).  
These reports showed that mutation in CP genes had great impact on the host-
virus interaction, and that constructing CP mutants could produce meaningful results. 
With that in consideration, we constructed CP mutants of TCV and HCRSV to search 
for the host factors specifically interacting with CP genes or other genes of the viruses. 
Such experiments would be able to provide some information about the pathways and 
mechanisms such as resistance and defense response. 
1.2   Host-virus interaction involving CP 
1.2.1   CP as an important component of virus 
The CPs of plant viruses not only encapsidate the viral nucleic acid, but also 
function in many aspects, such as replication of the viral nucleic acid, movement 
between cells and organs and travel from infected to uninfected plants via biological 
vectors, induction of host defense machinery and suppression of host silencing 
(Callaway et al, 2001; Lu et al, 2004). In the following parts, studies on CP interaction 
with the host such as suppression of host silencing, eliciting symptoms, modifying 
symptom and enabling viral movement will be briefly reviewed.  
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Firstly, CP can suppress posttranscriptional gene silencing (PTGS) that is 
induced by viral infection. It has been reported that TCV CP acted as a silencing 
suppressor in Nicotiana benthamiana (Qu et al, 2003; Thomas et al, 2003). Similar 
result was obtained that HCRSV CP played a role in silencing suppression (Meng CY 
and Wong SM, unpublished data).  
Secondly, many lines of evidence showed that CP induced resistance as result of 
interaction between host and virus. One example was that Rx1-mediated resistance 
was elicited by the Potato virus X (PVX) CP, and the Rx1 resistance suppressed 
accumulation of a recombinant Tobacco mosaic virus (TMV) in which the CP gene 
was replaced by that of PVX (Bendahmane et al, 1995), suggesting interaction 
between CP and host genes. 
Thirdly, CP genes were also reported to be involved in symptom modification. 
For example, TMV CP was shown to be involved in subviral RNA-mediated symptom 
modulation (Kong et al, 1995). Another example is that covariation of at least three 
amino acids in HCRSV CP, Val (49), Ile (95), and Lys (270) caused the virus to 
become avirulent in Hibiscus after serial passages in C. quinoa (Liang et al, 2002), 
suggesting that mutations in HCRSV CP modulated the pathogenesis of the virus. 
        Lastly, in many cases CP is also required for movement in infected plants, in both 
cell-to-cell and systemic movement (Pooma et al, 1996; Dolja et al, 1995; Hacker et al, 
1992; Heaton et al, 1991). However, in some cases unrelated or distantly related 
proteins can also substitute for the CP or movement protein (MP) without significantly 
affecting viral movement of the chimeric virus, such as host-specific cell-to-cell and 
 7
long-distance movements of Cucumber mosaic virus (CMV) facilitated by the MP of 
Groundnut rosette virus (Ryabov et al, 1999).  
1. 2. 2 TCV and HCRSV interaction with hosts 
More lines of evidence show that TCV CP plays important roles in interaction 
with its host. Point mutations in the putative calcium-binding site (CBS) or hinge 
connecting shell and protruding domains of TCV CP appear to alter virus-ion 
interactions, secondary structure, or particle conformation, thereby affecting 
interactions between CP and plant hosts (Lin and Heaton, 1999). Moreover, N-
terminus of the TCV CP was shown to be involved in eliciting resistant responses in 
Di-17 Arabidopsis, suggesting CP was the avirulence factor recognized by the 
resistant host (Zhao et al, 2000).  
        On the other hand, some plant factors were found to interact with TCV (Ren et al, 
2000; Lin and Heaton, 2001; Dempsey et al, 1997). An interesting result was that an 
Arabidopsis protein TIP (TCV-interacting protein) was found to interact specifically 
with TCV CP N-terminal 25 amino acids in yeast two-hybrid screening, suggesting 
that TIP is an essential component in the TCV resistant response pathway in ecotype 
Dijon (Ren et al, 2000). However, recently it was reported that CP function of 
silencing suppressor could not be attributed to its interaction with TIP (Choi et al, 
2004), leaving TIP’s actual role unknown at the moment.  
         Besides TIP, some other factors from A. thaliana, such as HRT, RTM1 and 
RTM2, are of importance because they are involved in the host interaction with virus 
and other pathogens. For example, in Arabidopsis the development of a hypersensitive 
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response (HR) is regulated by a single dominant nuclear locus HRT, which might be 
required for the TCV-induced accumulation of salicylic acid, camalexin and 
autofluorescent cell-wall material (Dempsey et al, 1997). And it was reported that 
Arabidopsis RTM1 and RTM2 gene restricted movement of Tobacco etch virus 
(Chisholm et al, 2000; Whitham et al, 2000).  
        In contrast to TCV, little is known about interaction of HCRSV with its hosts 
except that the covariation of CP amino acids led to loss of infection in Hibiscus 
(Hurtt, 1987; Liang et al, 2002). Considering that no cDNA library or genomic 
sequence of Hibiscus was available and that TCV and HCRSV are closely related, we 
proposed to introduce HCRSV CP into TCV so as to make full use of the model plant 
A. thaliana. 
 To best screen for host factors involved in host-virus interaction, we used 
Arabidopsis genomic oligonucleic chips to detect the differentially expressed genes 
among protoplast samples mock-inoculated or inoculated with wild-type viruses or 
viral mutants. In the next part of this thesis, literature on Arabidopsis-pathogen studies 
using microarrays will be briefly reviewed.  
1.3    Investigation of Arabidopsis-pathogen interaction  
1.3.1    Arabidopsis thaliana genome sequencing project  
        Genome sequence of A. thaliana was obtained in 2000, and this sequencing 
project greatly boosted identification and annotation of 25,498 genes in the whole 
genome (Arabidopsis genome initiative, 2000). Notably, more than 30% of these 
genes show no homology to genes of known or hypothesized function, and thousands 
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of genes are only identified as members of classes but no information is available 
about their specific roles (Wisman and Ohlrogge, 2000).  
        To annotate these unknown genes on a large scale, methods such as microarray 
gene expression profiling and gene knockout mutagenesis have mainly been adopted. 
For example, following the identification of Arabidopsis genes, large-scale insertional 
mutagenesis provides vast resources of gene knockouts using T-DNA and transposon 
insertion lines (Parinov and Sundaresan, 2000). In another attempt of functional 
genomics studies, to systematically analyze responsive genes to jasmonate which is 
believed to play roles in signaling processes like defence responses, flowering and 
senescence, cDNA macroarray was used to identify these genes using 2880 
independent expressed sequence tag (EST) clones of Arabidopsis (Sasaki et al, 2000).   
1.3.2    Microarray analysis method 
        Microarray can be described as high throughput “reverse northern-dot blots” in 
which DNA representing thousands of genes on a solid surface at high density 
hybridizes with labeled probes derived from the mRNA population present in plant 
sample(s), so that when two or many mRNA samples are compared, information on 
gene expression can be simultaneously obtained for thousands of genes (Schaffer et al, 
2000).  
Moreover, the highly sensitive cDNA microarray analysis can detect mRNA 
species present at as low level as a few copies in a cell and the dynamic range over 
which expression can be monitored is several orders of magnitude (Ruan et al, 1998; 
Wisman and Ohlrogge, 2000). Examining even a single microarray from a pathogen-
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infected plant can provide many previously unattainable and unexpected insights 
(Wisman and Ohlrogge, 2000). 
Microarrays can also be produced using oligonucleotides deposited by a   
photolithographic process (Fodor et al, 1993; Lipshutz et al, 1999). Compared with 
cDNA arrays, oligonucleotide arrays can more easily distinguish closely related 
members of gene families (Wisman and Ohlrogge, 2000). Arabidopsis ATH1 genome 
array (Affymetix, USA) is one type of oligonucleotide arrays, which is used in our 
study. 
1.3.3    Microarray analyses on Arabidopsis response to viruses  
        In the first report about Arabidopsis cDNA microarray, differential expression 
measurements of 45 Arabidopsis genes were made by means of simultaneous, two-
color fluorescence hybridization (Schena et al, 1995). Later, cDNA microarrays 
featuring 1443 A. thaliana genes were analyzed for expression profiles in major 
organs, showing it is a powerful tool for plant gene discovery, functional analysis and 
elucidation of genetic regulatory networks (Ruan et al, 1998).  
        And recently, Arabidopsis genome transcript profile for RCY1-mediated 
resistance to CMV strain Y (CMV-Y) was investigated and 80 defense-responsive 
genes that might participate in defense against both viruses and bacteria were revealed 
(Marathe et al, 2004). In another report, Arabidopsis leaves were either mock 
inoculated or inoculated with CMV, Oil seed rape tobamovirus, Turnip vein clearing 
tobamovirus, PVX, or Turnip mosaic virus, and Arabidopsis microarrays hybridization 
revealed co-ordinated changes in gene expression in response to diverse viruses, 
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which include virus-general and virus-specific alterations in the expression of genes 
associated with distinct defense or stress responses (Whitham et al, 2003). 
        To sum up, reports mentioned above on Arabidopsis response to viral infection 
proved that microarray was a great tool in the screening for genes involved in such 
host-virus interactions, but TCV and HCRSV have never been investigated using 
microarray. And thus we were motivated to use it to provide some insights into the 
global response of Arabidopsis protoplasts to infection of these two viruses and their 
mutants.  
1.4    Objectives 
1. To construct two virus mutants: HCRSV-CPTCV and TCV-CPHCRSV. 
2. To transfect A. thaliana and H. cannabinus protoplasts with TCV, HCRSV, 
TCV-CPHCRSV and HCRSV-CPTCV and to detect their replication and CP 
expression. 
3. To investigate if the CP substitution would allow HCRSV-CPTCV and TCV-
CPHCRSV to systemically infect A. thaliana, N. benthamiana and H. cannabinus, 
respectively and to check virus complementation between TCV and HCRSV or 
between TCV-CPHCRSV and HCRSV-CPTCV. 
4. To compare the gene expression profiles of Arabidopsis protoplasts transfected 





Chapter 2    Materials and methods 
2.1    Biological materials 
2.1.1    Bacterial strains  
        The bacterial strains used in this study were Escherichia coli AD494, BL21, 
XL1- blue and DH5α. For long term storage, cultures were stored at -80oC with 15% 
sterile glycerol. Working stocks were streaked on Luria-Bertani (LB) medium plates 
with appropriate antibiotics and kept at 4oC. 
2.1.2    Plasmid vectors 
        pET32-H vector (from Dr. Mock) was used for expression of TCV CP and 
HCRSV CP. pGEM®-T Easy Vector (Promega, USA) was used in preparing RNA 
probes against TCV CP and HCRSV CP. Full-length cDNA clones of TCV 
(pTCVt1d1) and HCRSV (p223) were used in making viral mutants TCV-CPHCRSV 
and HCRSV-CPTCV. 
2.1.3    Culture media 
        All culture media for bacteria were strilized at 121oC for 20 min and cooled to 
room temperature (RT). The components were as described below. LB liquid medium: 
1% Bacto®- tryptone, 0.5% Bacto®-yeast extract, 0.5% NaCl, pH 7.5; YTGK liquid 
medium: 16 g of yeast extract, 10 g of peptone, 10 ml of glycerol, 5 g of NaCl, and 
0.75 g of KC1 per liter, pH 7.4; SOB liquid medium: 0.5% Yeast extract, 2.0% 
tryptone, 10 mM NaCl, 2.5 mM KCl.    
        LB agar: LB medium with 1.5% Bacto®-agar, pH 7.5. The medium was 
transferred to sterile Petri-dishes after being cooled to around 60 oC. 
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2.1.4    Animal for production of antiserum 
        New Zealand rabbits were used in production of antiserum against bacterial 
expressed TCV and HCRSV CPs. 
2.1.5    Plant materials 
        For testing of systemic infection of TCV, HCRSV, TCV-CPHCRSV and HCRSV-
CPTCV, Arabidopsis thaliana, Hibiscus cannabinus and Nicotiana benthamiana were 
used. Both A. thaliana and H. cannabinus were used as the starting material for 
isolating protoplasts. All plants of N. benthamiana and H. cannabinus were grown in 
the greenhouse under natural conditions, while A. thaliana plants were grown in the 
growth room with 12 h light and 12 h dark at 25oC.  
2.1.6    Arabidopsis microarray  
        Arabidopsis ATH1 genome arrays (Affymetix, USA) were used in analyses of 
the gene expression profile of the protoplasts transfected with in vitro transcripts of 
TCV, HCRSV, TCV-CPHCRSV and HCRSV-CPTCV.   
2.2    Preparation and transformation of competent cells   
        Competent cells of E. coli DH5α and XL1-Blue were prepared with the calcium 
chloride method (Sambrook et al, 1989). Single colony was picked from LB plate 
without antibiotics after streaking and incubation in 37oC oven for 16 h. Bacteria were 
cultured for 16 h in 2 ml LB medium before being transferred to 100 ml LB medium. 
The cells were harvested by centrifugation when OD600 reading was between 0.4 and 
0.6.  
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        Liquid culture was transferred to falcon tubes and the tubes were kept in ice for 
10 min. Cells were pelleted by centrifugation at 4,000 rpm for 10 min at 4oC. For 
resuspension, 10 ml of 0.1 M CaCl2 was added to the tube on ice. The tube was kept in 
ice for 30 min before the above mentioned centrifugation step was repeated once. 
Again 2 ml ice-cold CaCl2 was added to resuspend the pellet. Autoclaved glycerol was 
added to the suspension to a final concentration of 20% and mixed well gently. Then 
100 or 50 µl of the mixture was aliquoted to each tube. The tubes were immerged in 
liquid nitrogen for quick freezing, and they were presently stored at -80oC. 
        Ligation reaction of 10 µl was set up in a microfuge tube: 1 × reaction buffer, 
vector and insertion fragment with a molar ratio of 1: 3, 2 units of T4 DNA ligase 
(Promega, USA) and autoclaved MilliRO water.  The reaction was incubated at 16°C 
overnight. For insertion into pGEM®-T Easy vector, the reaction of 10 µl was set up 
with 5 µl 2 × Rapid Ligation Buffer,  1 µl pGEM®-T Easy vector,  1 µl T4 DNA ligase, 
purified PCR product and autoclaved water. Then the tube was incubated for 1.5 h at 
25°C.  
        For transformation, 5 µl ligation product DNA was added to the competent cells, 
and was incubated on ice for 30 min. The tube was incubated in 42oC waterbath for 60 
sec and then immediately chilled in ice for 2 min. After that 600 µl LB medium was 
added to the tube and mixed gently. The tube was incubated in a 37oC shaker for 45 
min. The volume was reduced to 100 µl by centrifugation and resuspension. 
Transformed competent cells were transferred and spreaded onto LB agar plate 
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containing appropriate antibiotic. The plate was inverted and incubated in a 37oC oven 
overnight.  
2.3   Overlap extension via polymerase chain reaction (PCR) 
        Overlap extension was used in creation of TCV-CPHCRSV and HCRSV-CPTCV. 
This method is better than standard methods of site-directed mutagenesis in that it is 
faster, simpler and more efficient. Complementary primers and PCR are used to 
generate two DNA fragments having overlapping ends. These fragments are combined 
in a second round of PCR in which the overlapping ends anneal and create precise 
fusion of DNA fragments. The resulting fusion product can be amplified further by 
PCR. PCR reaction of 50 µl was set up in a 0.5 ml microfuge PCR tube with 5 µl of 
enzyme buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 1.0 µM of each primer, 1.25 
units of polymerase and 20 ng of DNA template. Amplification was performed in a 
Programmable Thermal Controller using specific program according to different 
reactions. The parameters of the overlapping PCR were as those of general PCR. All 
primers involved in the study were listed in the appendix. 
        PCR product was then purified with gel extraction kit or PCR purification kit. 
Centrifugation at 13,000 rpm for 1 min at room temperature was used in both of the 
cleaning strategies. The overlapping PCR product was separated on 0.8% agarose gel, 
and target band was excised from the gel under long wavelength UV light. The DNA 
was purified using QIAquick Gel Extraction Kit (QIAGEN, Netherlands). Weight of 
gel was measured and 3 volumes of QG buffer were added into the microfuge tube 
containing the gel slice. Then it was heated at 55oC for 10 min before centrifugation 
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was used in binding, washing and eluting the target DNA. The column was washed 
with PE buffer and DNA was eluted with Elution Buffer or autoclaved water. 
        When PCR produced only target fragment, the product was purified directly 
using QIAGEN PCR Purification System. Autoclaved water was added to the PCR 
reaction up to a volume of 100 µl, and it was mixed thoroughly with 500 µl PB buffer. 
The mixture was immediately applied to a column for binding DNA to the filter. Then 
the column was washed with PE buffer and DNA was rinsed with autoclaved water 
after centrifugation for 1 min without solution to remove all the residual ethanol. Then 
PCR product was eluted with Elution Buffer or autoclaved water. 
2.4    In vitro transcription and purification of transcripts 
        Infectious transcripts were synthesized from full-length cDNA clones linearized 
with SmaI for HCRSV and HCRSV-CPTCV, and XbaI for TCV and TCV-CPHCRSV. 
Transcription was performed with MEGAscriptTM High Yield Transcription Kit 
(Ambion, USA). The reaction of 20 µl contained 1 µg linearized DNA template, 2 µl 
for each of ATP, GTP, CTP, UTP, transcription buffer and T7 RNA polymerase, and 
RNase-free water in balance. The mixture was incubated in 37 oC waterbath for 2-3 h. 
   For purification of the transcripts, acidic phenol (pH 4.3) and chloroform were 
used. First, 80 µl of nuclease-free water was added to the reaction. Then 100 ul of 
chloroform was added into the tube, and the mixture was vortexed for 1 min and spun 
at 12,000 g for 2 min. The supernatant was transferred to a new tube and added with 
one volume of 1:1 phenol (pH 4.3)/chloroform, and vortexed for 1 min and spun at 
12,000 g for 2 min. The aqueous phase was transferred to a new tube, and 0.1 volume 
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of 3 M sodium acetate (pH 4.7) and 1 volume of isopropanol were added for 
precipitation. The mixture was incubated on ice for 15 min and spun at 12,000 g for 10 
min at 4 oC. The pellet was washed twice with 0.5 ml 70% ethanol and dried. The 
pellet was dissolved in 20 µl nuclease-free water and stored at -80 oC for future use.  
2.5    Generation of DIG-labeled RNA probes 
        The gene fragments HCRSV CP (nt2900-3200), TCV CP (nt3100-3400) were 
cloned into pGEM®-T Easy Vector, and named as HCPpro and TCPpro, respectively. 
To synthesize “runoff” transcripts, SalI was used in linearization of the two clones. 
DIG-labelled anti-sense RNA probes were generated using T7 and SP6 RNA 
polymerase and the DIGTM RNA labeling kit (Roche Diagnostic GmbH, Germany). 
For 20 µl reaction, 2.0 µl DIG labeling mix, 2.0 µl reaction buffer, 2.0 ul T7 or SP6 
RNA polymerase, 1.0 µg linearized template DNA and corresponding amount of 
nuclease-free water were used. Then the reaction was kept in 37°C waterbath for 2-3 h.  
2.6    Screening of transformants 
2.6.1    Small scale purification of plasmid DNA  
        Small amount of plasmid DNA was prepared by alkaline lysis method (Sambrook 
et al, 1989). Single bacterial colony was inoculated to 2 ml of LB medium containing 
ampicillin. The culture was incubated at 37°C with vigorous shaking for 16 h. The 
overnight culture was placed into a 2 ml tube and centrifugated at 12,000 g for 5 min 
followed by purification as described below.  
        First, 150 µl Solution I was added to the pellet and vortexed for thorough 
suspension. Then 200 µl Solution II was added and the tube was inverted till the 
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mixture became clear. After that 150 µl Solution III was added and mixed well by 
inverting the tube. The tube was stored in ice for 10 min before 150 µl of chloroform 
was added. The mixture was mixed thoroughly by inverting and then subjected to 
centrifugation at 10,000 g for 5 min. The supernatant was extracted once more with 
400 µl chloroform through centrifugation. The aqueous layer was transferred and 
mixed with 2 volumes of ethanol and 1/10 volume of 3 M sodium acetate (pH 5.2) to 
precipitate DNA. The mixture was kept at -20°C for 10 min before centrifugation with 
12,000 g for 5 min. The pellet was washed with 500 µl 70% ethanol by centrifugation 
with 12,000 g for 3 min. The supernatant was discarded and the DNA was dried. Then 
it was dissolved in TE (pH 8.0) or autoclaved water. 
        Alternatively, plasmid DNA was purified with QIAprep® Spin Miniprep Kit 
(QIAGEN, USA). The cells were resuspended in 250 µl Buffer P1 and transferred to a 
tube. Then 250 µl Buffer P2 and 350 µl Buffer P3 were successively added and mixed 
by inverting the tube. The tube was centrifugated for 10 min to get rid of cell debris. 
Then the supernatant was applied to QIAprep column, followed by centrifugation for 1 
min. The column was washed with 0.5 ml Buffer PB and then 0.75 ml Buffer PE.  The 
column was spun for one minute to remove residual buffer before rinsing with 50 µl 
Buffer EB or autoclaved water. The centrifuge conditions were 13,000 rpm for 1 min 





2.6.2    Restriction digestion 
        Plasmid DNA was digested by appropriate restriction enzyme(s). The 10 µl 
reaction mixture contained 0.5 µl 20 X BSA, 1 µl 10X appropriate reaction buffer, 1 µl 
plasmid DNA, 2 units of restriction enzyme and autoclaved water in balance. The 
reaction was incubated for 1 h in water bath at the optimal temperature for the 
enzyme(s). Then the DNA fragments were resolved in 0.8% agrose gel. The clones 
producing expected band patterns were subsequently sequenced. 
2.6.3    Automatic DNA sequencing 
        DNA sequencing was carried out on an Applied Biosystems PRISM 3100A 
genetic analyzer with an ABIPRISM BigDye terminator cycle sequencing ready 
reaction kit (Applied Biosystems, USA). Sequencing reaction of 10 µl contained 0.25 
µg DNA template, 1.6 pmol primer and 4 µl  BigDye terminator reaction mixture. The 
cycle sequencing was performed on GeneAmp PCR System with following 
parameters: 25 cycles of 96°C for 10 sec, 50°C for 5 sec and 60°C for 4 min.  
        The reaction was purified by ethanol precipitation and the sample was re-
suspended in 6 µl of loading buffer followed by denaturing at 90°C for 2 min. About 
1.5 µl of denatured sample was loaded on 5% acrylamide sequencing gel (18 g of urea, 
5 ml of 50% long ranger acrylamide stock solution, 26 ml of distilled water and 5 ml 
of 10 × TBE) and was run on the ABI PRISM 377 sequencer for 9h. The sequences 
were edited by the manufacturer's software. Sequencing results were checked using 
BLAST 2 sequences from the BLAST network server of the National Center for 
Biotechnology Information (NCBI).         
 20
2.7    Inoculation of plants 
        For testing systemic infection of viruses, 20 µl transcription reaction was diluted 
with 80 ul nuclease-free water before use. Each leaf was dusted with carborundum 
powder of 330 grit (Fisher Scientific, USA) before it was mechanically inoculated 
with 5 µl diluted transcription reaction mixture. The inoculated leaves were rinsed 
with water a few minutes after inoculation. 
2.8   Northern blot analyses 
2.8.1    Separating RNA on denaturing gel 
        The gel tank and combs were soaked with 0.2 N NaOH solution for 30 min and 
washed with DEPC-treated water for three times. Then 1.2% agarose gel in MOPS 
with 1/15 volume formaldehyde was prepared. The running buffer was 1 time MOPS 
in DEPC-treated water. Pre-runing at 100 v for 10 min was carried out before loading 
the sample. The RNA samples were dried and dissolved in sample buffer (1 time 
MOPS, 50% fromadehyde (V/V), 18% formamide (V/V)) by heating at 65 oC. One 
fifth volume of Gel Loading Buffer II (Ambion, USA) was added to the heated sample 
before loading. To separate the RNA samples, electrophoresis for about 2 h at 50 V 
was conducted. 
2.8.2    Transfer and blotting  
        The size-fractioned RNA was transferred to positively charged nylon membrane 
(Boehringer Mannheim, Germany). The membrane was UV cross-linked for 12 sec on 
Hoefer UVC 500 UV crosslinker (Hoefer UV crosslinker, Germany). The membrane 
was subsequently stained with 0.03% methylene blue in 0.03 M sodium acetate (pH 
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5.2) for 5 min and destained with DEPC-treated water to check the integrity of the 
transferred RNA. 
        Hybridization was carried out with DIG-labeled antisense RNA probe (100 ng/ml 
of DIG Easy Hyb) overnight at 68 oC in Shake ‘N’ Stack Hybridization Oven (Hybaid, 
UK). The membrane was treated with low stringency buffer (2 X SSC, 0.1% SDS) for 
5 min twice, and with High stringency buffer (0.1 X SSC, 0.1% SDS, pre-warmed at 
68oC) for 15 min twice, washing buffer (0.1 M macleic acid, 0.15 M NaCl, 0.3% 
Tween 20, pH 7.5) for 2 min, blocking solution (0.1 M macleic acid, 0.15 M NaCl, 1% 
blocking reagent) for 40 min, antibody solution(0.1 M macleic acid, 0.15 M NaCl, 1% 
blocking reagent, 0.02% Anti-Digoxigenin-AP) for 1h, washing buffer for 15 min 
twice. Thus the membrane was ready for detection. 
        For detection, the membrane was immersed in 2 ml detection buffer (0.1 M 
Tris.Cl, 0.1 M NaCl, pH 9.5) with 1.0 ul NBT (300 mg/ml) and 2.3ul BCIP (150 
mg/ml) (Promega, USA) and kept in dark until clear bands developed.  
2.9    Western blot analyses 
       Protoplasts were harvested from culture medium by centrifugation at 780 rpm for 
5 min at 4 oC. The supernatant was carefully removed without disturbing the cell pellet. 
Cells were fast-frozen in liquid nitrogen till the liquid nitrogen stopped churning, 
which meant the tube was thoroughly frozen. Then cells were kept at -80 oC if they 
were not processed immediately. 
       For 100 ul cells, 100 ul cracking buffer (0.1 mM EDTA, 40 mM Tris.Cl, 5% SDS, 
8 M urea, 10 mM ß-mercaptoethanol, 5 mM PMSF, 0.2 ug/ml aprotinin, 0.2 ug/ml 
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pepstain A, 20 ug/ml benzamidine) was used in total protein extraction. After 
thorough mixing, the mixture was transferred into 1.5 ml tube and heated for 5 min at 
95 oC. Then the tube was spun at 10k rpm for 10 min to remove the insoluble part. The 
supernatant as total protein extract was transferred to a new tube.  
        Protein samples were fractioned on SDS-polyacrylamide gel (12% separating gel: 
1.6 ml water, 2.0 ml 30% acrylamide, 1.3 ml 1.5 M Tris.Cl (pH 8.8), 50 ul 10% SDS, 
50 ul 10% APS, 2 ul TEMED; 5% stacking gel: 1.36 ml water, 333 ul 30% acrylamide, 
250 ul 1M Tris (pH 6.8), 20 ul 10% SDS, 20 ul 10% APS, 2 ul TEMED). The samples 
were treated with equal volume of loading buffer (0.1 M Tris-HCl, pH 6.8, 20% 
glycerol (V/V), 4% SDS (W/V), 5% ß-mercaptoethanol (V/V), 0.2% bromophenol 
blue (W/V)) at 100oC for ten min. The running buffer (pH 8.3) contained the 
following reagents in one liter: 94 g glysine, 25 ml 10% SDS and 15.1 g Tris base. 
The electrophoretic unit was supplied with 50 V for 30 min, followed by 100 V for 2 h.  
        For transferring proteins to PVDF membrane (Roche Diagnostics GmbH, 
Germany), the membrane was soaked in methanol and Transfer buffer (10% methanol, 
0.01 M Tris.base, 0.096 M glysine) for 10 min, respectively. The apparatus was 
supplied with 100 V for 1 h. The membrane with proteins was then transferred into 
blocking buffer (5% non-fat milk powder in TBST (10 mM Tris.Cl, pH 8.0, 150 mM 
NaCl, and 0.05% Tween 20) and the membrane was kept at 4oC overnight with gentle 
shaking. 
        Primary antibody was added into 10 ml TBST buffer and the mixture together 
with membrane was shaken for 1 h at RT. Secondary antibody (1:10,000 diluted in 
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TBST) was added to the membrane and incubated at RT for 40 min. The membrane 
was washed with TBST for 10 min for three times before and after adding antibodies. 
The substrate was prepared by adding 2.2 ul NBT and 2.2 ul BCIP to 2 ml AP buffer 
(100 mM Tris.Cl, pH 9.5, 100 mM NaCl, 5 mM MgCl2). Then the membrane was 



















Chapter 3    Expression of TCV CP and HCRSV CP 
and production of antibodies 
3.1    Introduction 
In this part, we mainly discuss how to obtain the polyclonal antibody against E. 
coli-expressed TCV CP and HCRSV CP, respectively, for the detection of virus CP in 
the protoplasts or whole plants infected with HCRSV, TCV or their viral mutant.  
For detection of virus CP, a few methods are available, such as Enzyme Linked 
ImmunoSorbent Assays (ELISA) (Engvall and Perlman, 1971; Koenig et al, 1982; 
Edwards and Cooper, 1985; Baunoch et al, 1992), western blot (Jarausch and 
Kadenbach, 1982) with monoclonal antibody or polycolonal antibody, reporter gene of 
green fluorescence protein (GFP) (Chalfie et al, 1994) and protein/peptide microarray 
(Jellis et al, 1993). We select the method of polyclonal antibody to detect virus CP 
because it is an efficient way to differentiate the viruses and their mutants with foreign 
CPs. 
To obtain CPs produced in bacterial cells, special expression vector is required to 
express virsus CPs. In this study, we adopted expression vector pET-32H, which was 
developed on the basis of the pET-32a (+) (Novagen, USA) (Fig 3.1) by deleting part 
of the sequence (from AGC in thioredoxin tag (Trx-Tag) to AAG before the NcoI site) 
for higher expression efficiency. 
After CPs were expressed in E. coli, purification method should be adopted to 
obtain adequate amounts of pure viral CPs. For rapid purification of recombinant 
proteins, researchers have developed many methods on the basis of specific 
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interactions between an immobilized ligand and an affinity tag, usually a short peptide 
with specific molecular recognition properties, such as maltose binding protein (Maina 
et al, 1988), thioredoxin (Smith et al, 1998), cellulose binding domain (Ong et al, 
1989), glutathione S-transferase (Smith and Johnson, 1988), strep-tag (Skerra and 
Schmidt, 1999) and polyhistidines (Smith et al, 1988; Hochuli et al, 1988; Kumar et al, 
1998).  
Among these methods, immobilized metal-affinity chromatography (IMAC) is 
particularly popular and widely used, which is based on selective interaction between 
a solid matrix with Cu2+ or Ni2+ and a polyhistidine tag (His-tag) fused to proteins 
(Kumar et al, 1998). In other words, proteins containing a polyhistidine tag are 
selectively bound to the matrix while other cellular proteins are removed. Then the 
pure target protein can be eluted with eluent. With this strategy, we purified HCRSV 
and TCV CPs with His-tag in the N-termini. 
In short, the biologically active genomic cDNA clones of TCV and HCRSV 
(Heaton et al, 1989; Huang et al, 2000) were used as templates in amplification of CP 
genes via PCR. The complete CP gene fragment was inserted into expression vector so 
that the CP fused with His-tag was expressed and extracted for immunization of 






3.2    Materials and methods 
3.2.1    Construction of pET32-H-TCVCP and pET32-H-HCRSVCP 
        TCV CP gene was amplified by PCR for construction of expression clone of the 
protein where primers TCP1 and TCP2 were used. The purified PCR fragment was 
inserted into pET32-H. First the ligation product was transformed into XL1-Blue in 
screening for the right clones by enzyme digestion and DNA sequencing. One clone 
with expected sequence was then transformed into the expression line BL21 of E. coli 
for expression. Sequence of the clone was again confirmed by sequencing and 
alignment using Basic Local Alignment Search Tool (BLAST) before producing the 
protein on a large scale.  
        HCRSV CP gene was amplified by PCR with primers HCP1 and HCP2. The 
purified PCR fragment was treated in a similar manner as described above, and the 
only difference was that expression line AD494 of E. coli was used in this case. 
Sequence of the clone was again confirmed by DNA sequencing and alignment with 
BLAST before expression of HCRSV CP on a large scale.  
3.2.2    Expression and purification of the CPs 
        The confirmed expression clones for HCRSV CP and TCV CP were each 
amplified in 100 ml liquid medium. When the OD600 of the culture reached 0.8-1.0, 
IPTG was added to the culture with a final concentration of 1.0 mM. For testing the 
optimal time for induction, 1 ml cell culture was harvested at 1, 2, 3, or 4.5 h after 
induction. The protein expressed at these time points were tested by western blot, and 
the protein was expressed on a large scale according to the test result.  
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3.2.2.1    Purification of TCV CP  
        TCV CP was purified with BD Talon Metal Affinity resin (BD Biosciences, 
USA). To equilibrate resin, the BD Talon resin was thoroughly re-suspended and a 
required amount of resin was immediately transferred to a sterile tube. The resin was 
spun down by centrifugation at 700 g for 2 min. Then 10 bed volumes of Denaturing 
Equilibration/Wash Buffer (50 mM sodium phosphate, 6 M urea, 300 mM NaCl, pH 
7.0) were added to the resin and mixed. The resin was centrifugated at 700 g for 2 min. 
The previous two steps were repeated once and the resin is ready for binding. 
        To get clarified sample from inclusion bodies, the following steps were taken. 
Cells were harvested in two 50 ml Falcon tubes from liquid culture by centrifugation 
at 4,000 rpm for 15 min at 4°C. The cell pellet was re-suspended by vortexing in 8 ml 
of chilled Denaturing Equilibration/wash buffer. DNase I was added to decrease the 
viscosity and the sample was gently agitated till it became translucent. The sample 
was subjected to centrifugation at 10,000-12,000 g for 20 min at 4°C to precipitate any 
insoluble material. The supernatant was carefully transferred to a clean tube without 
disturbing the pellet. Thus the clarified sample was ready for binding. 
        Then TCV CP was purified with BD metal affinity resins. The clarified sample 
was added to the equilibrated resin and gently agitated at RT for 20 min so that the 
polyhistidine-tagged protein bund to the resin. After that, the tube was centrifugated at 
700 g for 5 min to spin down the resin. Supernatant was carefully removed without 
disturbing the resin pellet. The resin was washed with centrifugation by 10-20 bed 
volumes of 1 X Denaturing Equilibration/Wash Buffer. The suspension was gently 
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agitated at RT for 10 min to promote thorough washing. The tube was centrifugated at 
700 g for 5min and the supernatant was discarded. The last three steps were repeated 
once before one bed volume of the Denaturing Equilibration/Wash Buffer was added 
to re-suspend the resin.  
        The resuspended resin was then transferred to a gravity-flow column with an end-
cap in place. After the resin was settled, the buffer was allowed to drain by removing 
the end-cap until buffer surface reached the top of the resin bed. Care was taken so 
that no air bubbles were trapped in the resin bed. The column was washed once with 5 
bed volumes of Denaturing Equilibration/Wash Buffer. The polyhistidine-tagged TCV 
CP was eluted by 5 bed volumes of Elution Buffer (45 mM Sodium Phosphate, 5.4 M 
Guanidine-HCl, 270 mM NaCl, 150 M Imidazole, pH 7.0). The eluate was collected in 
500 ul fractions. 
3.2.2.2    Purification of HCRSV CP  
        The expressed CP was purified using the BugBuster® HisBind® Purification Kit 
(Novagen, USA). Cells were harvested and the pellet was weighed. And 5 ml 
Bugbuster was added for each gram of cell pellet. Then the cells were suspended 
thoroughly. For each ml of Bugbuster reagent, 1 ul (25 units) Benzonase Nuclease and 
1k units rLysozyme were added. The cell suspension was incubated on a shaking 
platform till the extract became clear.  The cell debris was spun down at 16,000 g for 
20 min at 4°C.  
        Since HCRSV CP was in inclusion body, denaturing conditions were taken in 
extraction. The pellet was completely re-suspended in the same volume of Bugbuster 
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Reagent as was used at the beginning, and rLysozyme solution was added to final 
concentration of 25 units/ml, and rLysozyme solution to 1 ku/ml. The tube was 
vortexed gently and incubated at RT for 5-10 min. Then 6 volumes 10 times diluted 
Bugbuster was added and vortexed for 1 min. The tube was centrifugated at 5,000 g 
for 15 min at 4°C to collect inclusion bodies. The inclusion bodies were re-suspended 
in half culture volume of diluted Bugbuster, mixed well and centrifugated at 5,000 g 
for 15 min at 4°C. These two steps were repeated once. The pellet was re-suspended 
and centrifugated at 16,000 g for 15 min at 4°C. Purified inclusion bodies were re-
suspended in Binding Buffer containing 6 M urea and incubated on ice for 1 h to 
completely dissolve the protein. Centrifugation at 16,000 g for 30 min was used to 
remove insoluble materials. And the supernatant was filtered through a 0.45 micron 
membrane prior to His-bind purification. 
         For charging and equilibration, the following solutions were added to the column 
subsequently: 3 bed volumes of autoclaved water, 5 bed volumes of Charging Buffer 
and 3 bed volumes of Binding Buffer. After the binding buffer had drained, the 
prepared cell extract was loaded onto the column. Subsequently 10 ml Binding Buffer 
and 10 ml Washing Buffer were added to the column. Then the protein was eluted 





Fig 3.1 Diagram of pET32-32a (+). 
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3.2.3    Immunization and tests of sensitivity and specificity of antibody 
        Purified TCV and HCRSV CPs underwent dialysis with PBS (137 mM NaCl, 2.7 
mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 7.4) to obtain concentrated 
solution. Proteins were quantified by measuring OD280 and the concentrations were 
adjusted to 2 mg/ml with PBS. Before injection, 0.7 mg HCRSV or TCV CP was 
mixed thoroughly with equal volume of Freund’s adjuvant (complete). Three weeks 
after the first injection, 0.7 mg antigen was mixed thoroughly with equal volume of 
Freund’s adjuvant (incomplete) before injection into rabbit. Three such injections were 
made at an interval of ten days before collecting antiserum from the rabbit. 
        For test of sensitivity, antisera were serially diluted up to 106 folds in western blot 
analysis, and each strip of PVDF membrane containing equal amount of total protein 
from TCV- or HCRSV-infected plant was treated with antiserum at different 
concentrations. For test of specificity, HCRSV CP antiserum was used to detect TCV 
in infected leaves, and TCV CP antiserum was used to detect HCRSV in infected 
leaves, to make sure there is no cross-hybridization.  
3.3    Results and discussion 
3.3.1    Expression of TCV and HCRSV CPs  
        For constructing expression clones of CPs, full length CP genes were firstly 
amplified from cDNA clones of TCV and HCRSV with PCR, respectively. The PCR 
fragments were then ligated with expressioin vector pET32-H after purification and 
enzyme digestion. And the ligation products were transformed into cell line XL1-Blue 
in screening for the correct clones by enzyme digestion and DNA sequencing. One of 
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these clones with expected sequence was transformed into the expression line BL21 of 
E. coli for expression of HCRSV CP, and into AD494 of E. coli for expression of 
TCV CP. Again, the CP-expressing clones were confirmed to be correct by 
sequencing and BLAST before expression of the protein (data not shown).  
        To optimize expression parameters, various PEG concentrations (0.6 mM, 0.8 
mM, 1.0 mM ) and incubation periods (1h, 2h, 3h, 4.5h) after IPTG induction were 
tried and incubation of 4.5 h was proved to be the most efficient (data not shown). For 
expression of TCV CP, SOB, LB and YTGK media were tested and LB medium was 
proved to be the most efficient one (data not shown). Therefore, for large scale protein 
expression, 1 mM PEG and 4.5 h incubation were applied.  
        Finally, HCRSV and TCV CPs were expressed on a large scale (Fig. 3.2) and the 
proteins were confirmed by western blot analysis using commercial antibody against 
TCV or HCRSV virions (Fig. 3.3). Thus the viral CPs were successfully expressed in 
bacteria.  
3.3.2    Test of antibody against TCV CP or HCRSV CP 
        After TCV and HCRSV CPs expressed in bacteria were obtained, they were 
purified and then used in immunization of rabbits. After three boosting injecitons of 
antigen, the rabbit blood was sampled for testing titer and specificity of antisera. The 
test of titers showed that antisera against TCV CP and HCRSV CP displayed higher 
titers than those against virions (Fig. 3.4; Fig. 3.5). TCV CP antibody titer reached 1 X 
106 times dilution against TCV virion antibody at 1X 105 times dilution in detection of 
TCV from infected N. benthamiana (Fig. 3.4). HCRSV CP antibody displayed titer of 
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1 X 105 times dilution against HCRSV virion antibody at 1 X 104 times dilution in 
detection of HCRSV in infected H. cannabinus (Fig. 3.5). 
         For test of specificity, HCRSV CP antiserum was used to detect TCV, and TCV 
CP antiserum was used to test HCRSV in infected H. cannabinus protoplasts. Western 
blot analysis confirmed that the TCV CP and HCRSV CP antibodies could specifically 
detect TCV CP and HCRSV CP in infected H. cannabinus protoplasts, respectively 
(Fig. 3.6). These results meant that there was no cross-hybridization between antisera 
against TCV CP and HCRSV. And these features would lead to definite results in tests 
of CP expression in protoplasts and plants infected with viruses and viral mutants. 
        Such cross-reactivity could happen when there was amino acids homology 
between antigens. For example, the polyclonal antisera to TMV CP and to ribulose-1, 
5-biphosphate carboxylase (RuBisCo) could react with both antigens in Western 
immunoblotting or indirect ELISA, and the reason was that the carboxy proximal 
portion of TMV CP and the amino terminus of RuBisCo large subunit shared a region 
of homology (Dietzgen and Zaitlin, 1986). 
         In short, specific antisera to TCV or HCRSV CPs were successfully obtained, 
which would be used in Western blotting to detect CP expression in protoplasts and 
leaves infected with viruses or their mutants, so as to confirm the expression of CP. 
And the newly developed antisera against TCV and HCRSV CPs would facilitate any 
future study involving detection of these viruses in our research group and beyond 
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Fig. 3.2 SDS-PAGE of recombinant TCV CP (38 kDa) (A) and HCRSV CP (38 
kDa) (B) in 12% polyacrylamide gel, stained with Coomassie brilliant blue. In 
Panel A, lane 1: total protein from pETh-TCVCP before IPTG induction; lane 2: total 
protein from pETh-TCVCP 3 h after IPTG induction; lane 3: total protein from pETh-
TCVCP 4.5 h after IPTG induction. In Panel B, lane 1: total protein from pETh-
HCRSVCP before IPTG induction; lane 2: total protein from pETh-HCRSVCP 4.5 h 
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Fig. 3.3  Western blot analyses in confirmation of the recombinant CP expression 
using antibodies against TCV (A) and HCRSV (B) virions (1:3000). In Panel A, 
lane 1: total protein from pETh-TCVCP before IPTG induction; lane 2: total protein 
from pETh-TCVCP 4.5 h after IPTG induction. In Panel B, lane 1: total protein from 
pETh-HCRSVCP before IPTG induction; lane 2: total protein from pETh-HCRSVCP 
3 h after IPTG induction; lane 3: total protein from pETh-HCRSVCP 4.5 h after IPTG 
induction was proved to be the most efficient one (data not shown). Therefore, for 















Fig. 3.4 TCV CP antibody titer 1 X 106 against virion antibody at 1 X 105 in 
detection of TCV in infected N. benthamiana. Lanes 2 to 10 contained equal loading 
of total protein of N. benthamiana. M: BenchMark® Pre-tained Protein Ladder. Lanes 
2 to 7 were hybridized with TCV CP antiserum diluted 5 X 103, 1 X 104, 5 X 104, 1 X 
105, 5 X 105, 1 X 106 times, respectively. Lanes 8 to 10 were hybridized with 







































































Fig. 3.5    HCRSV CP antibody titer 1 X 105 against virion antibody at 1 X 104 in 
detection of HCRSV in infected H. cannabinus. Lanes 2 to 10 contained equal 
loading of total protein of H. cannabinus infected with HCRSV. M: BenchMark® Pre-
tained Protein Ladder. Lanes 2 to 7 were hybridized with HCRSVCP antiserum 
diluted 5 X 103, 1 X 104, 5 X 104, 1 X 105, 5 X 105, 1 X 106 times, respectively. Lanes 
8 to 10 were hybridized with antiserum against HCRSV virion diluted 1 X 104, 1 X 
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Fig. 3.6    Test of specificity of TCV CP (A) and HCRSV CP (B) antibodies in 
infected H. cannabinus protoplasts. Panel A, lanes 1 to 3 were loaded with protein 
from Hibiscus protoplasts transfected with HCRSV, TCV, and mock inoculation. 
Panel B, lanes 1 to 3 were loaded with protein from Hibiscus protoplasts transfected 
with TCV, HCRSV, and mock inoculation.  
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Chapter 4    Construction of mutants TCV- CPHCRSV 
                   and HCRSV-CPTCV 
4.1    Introduction  
        As mentioned before, TCV and HCRSV share similar genomic organization, 
which makes exchanging of CP genes plausible because it will have little disturbance 
of the function of the genome. Through substitution or recombination of CP genes, 
which play important roles during encapsidation and the viral infection and spread (Qu 
and Morris, 2003; Thomas et al, 2003), we would like to introduce HCRSV into 
interaction with model plant Arabidopsis and see what would happen after infection of 
the chimeric viruses, and the corresponding results may be important for study of the 
mechanisms of the virus-host interaction involving CPs.  
There are some reports about subsequent effects of CP mutation on virus 
movement, symptom modulation and host range. For example, TCV mutants lacking 
all of the CP gene (Hacker et al, 1992) were able to move cell-to-cell in Brassica 
campestris, C. amaranticolor, and A. thaliana (Cohen  et al, 2000), but point 
mutations in CP abolished TCV local and systemic movement in N. benthamiana 
(Heaton et al, 1991), suggesting that different host-CP interactions happened in the 
processes. Another CP mutant of Dianthovirus Red clover necrotic mosaic virus 
(RCNMV) whose CP gene was substituted with Sobemovirus Turnip rosette virus 
(TRoV) CP genes could move into non-inoculated leaves (Callaway et al, 2004). 
It was also reported that the moderate symptoms induced by TCV-CPCCFV could 
be attenuated by SatC, which usually made symptoms induced by wild-type TCV 
 40
more severe (Kong et al, 1995), suggesting that the CP gene is involved in such 
symptom modulation. Moreover, in a chimeric TMV with the Alfalfa mosaic virus 
(AMV) CP in the place of native CP, AMV CP enabled the mutant to infect not only 
systemic hosts of TMV such as N. benthamiana and N. tabacum, but also the systemic 
host for AMV Spinacia oleracea (spinach), which meant substitution of CP could lead 
to extension of host range (Spitsin et al, 1999). 
In our study, two mutants, TCV-CPHCRSV and HCRSV-CPTCV, would be 
constructed by exchanging the CP genes precisely and reciprocally. And it is expected 
that these two CP genes will be able to replace each other functionally. After 
confirming their infectivities, some differences in host gene expression profiles may 
be detected in microarray analyses because of the different interactions of host and 
virus mutants. Further, genes whose expression levels fluctuate drastically among 
samples would be investigated to identify their roles in the host-virus interaction.     
4.2    Materials and methods 
4.2.1    Construction of TCV-CPHCRSV  
        PCR with overlapping primers was used in creating the clone. TCVpri1 
(TCV2370 with EcoRI site) and TCVpri2 (TCV2741with HCRSVCP sequence) were 
used to obtain a fragment directly upstream of TCV CP gene, named Tfrag1. TCVpri3 
(TCV3798 with HCRSVCP sequence) and TCVpri4 (TCV3948 with SpeI site) were 
used to obtain a fragment directly downstream of TCV CP gene, named Tfrag2. 
HCPmuta1 and HCPmuta2 were used to amplify HCRSV CP gene with 20 nucleotides 
overlapping with TCV sequences flanking CP, named HCPfrag. In the first round of 
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overlapping PCR, Tfrag1 and HCPfrag were fused together, and the fusion was then 
fused with Tfrag2 in the second round of extension. The resulting fragment was 
further amplified with primers TCVpri1 and TCVpri4. The whole strategy was 
outlined in Fig 4.1. 
        The PCR product was subjected to 0.8% gel electrophoresis and target band was 
excised and DNA was recovered with gel extraction kit. The fragment was digested 
with EcoRI and SpeI and used as the inserting fragment. The pTCVt1d1 was treated 
with these two enzymes and the fragment containing TCV CP gene was discarded, 
while the rest was used as vector. The inserting fragment and the vector were ligated, 
resulting in a clone of TCV with CP gene of HCRSV, nominated as TCV-CPHCRSV.      
4.2.2    Construction of HCRSV-CPTCV 
        Overlap extension PCR was used in cloning HCRSV-CPTCV. A previously 
constructed clone p223-TCVcp that contained the TCV CP gene which replaced the 
HCRSV CP, but possossed an extra BglII site immediately after the stop codon of the 
CP gene was used. HCRSVpri1 (HCRSV2147 with NcoI site) and HCRSVpri2 
(HCRSV2589 without BglII site) were used to obtain a fragment covering the stop 
codon of TCV CP gene, named Hfrag1. HCRSVpri3 (HCRSV3627 without BglII site) 
and HCRSVpri4 (pPCR752 with SacII site) were used to obtain a fragment directly 
downstream of TCV CP gene, named Hfrag2. Hfrag1 and Hfrag2 were fused together 
in the overlap extension PCR. The resulting fragment was further amplified with 
primers HCRSVpri1 and HCRSVpri4.  
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        The PCR product was subjected to 0.8% gel electrophoresis and target band was 
excised and DNA was recovered using gel extraction kit. The PCR fragment was cut 
with NcoI and SacII and then used as the inserting fragment. The p223-TCVcp was 
also cut with these two enzymes and the fragment containing TCV CP gene was 
discarded, the rest was used as vector. The inserting fragment and the vector were 
ligated, resulting in a clone of TCV with its CP gene substituted precisely with the 
HCRSV CP gene, nominated as HCRSV-CPTCV.  The strategy for making the 
construct was outlined in Fig. 4.2.   
4.2.3    Replication of mutants in vitro  
        Replication of TCV-CPHCRSV and HCRSV-CPTCV was tested using in vitro 
transcription system. Linearized TCV-CPHCRSV and HCRSV-CPTCV were used as 
templates to produce RNA transcripts with T7 RNA polymerase.  
4.3    Results and discussion 
        To screen for putatively correct clones, enzyme digestion and sequencing were 
adopted in our experiments. Firstly, the plasmid DNA was double digested with EcoRI 
and SpeI for TCV-CPHCRSV and NcoI and SacII for HCRSV-CPTCV. Then a few 
putatively correct clones obtained in enzyme digestion screening were sequenced. And 
the sequences of the clones were confirmed to be correct by alignment with BLAST. 
Finally, virus mutants TCV-CPHCRSV and HCRSV-CPTCV were successfully 
constructed (Fig. 4.1; Fig. 4.2).  
        In this process, overlapping PCR was designed to keep the detrimental influence 
on the promoter regions and 5’- and 3’-UTRs to minimal, and to protect the replication 
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and translation abilities. Further, the plamid DNAs of TCV-CPHCRSV and HCRSV-
CPTCV were linearized with XbaI and SmaI, respectively, and T7 RNA polymerase 
was used in the in vitro transcription to check the replication ability. And it turned out 
that both TCV-CPHCRSV and HCRSV-CPTCV could replicate in vitro, which means that 
the mutants have infectivity to transfect the plant protoplasts (Fig. 4.3).  
For the CP mutants, previous studies usually discussed their influence on the 
chimera’s movement, and the compatibility between CP and MP was proved to play 
an important role in the process (Osman et al, 1998; Salanki et al, 1997; Salanki et al, 
2004). Although these studies indicate that compatible interaction of CP with MP is 
required for virus movement, what happens on the cellular level of hosts upon virus 
infection remains unknown.  
While in our research, with the infectious mutants, experiments would be carried 
out to test the different gene expression profiles of host protoplasts after infection of 
TCV, HCRSV, TCV-CPHCRSV and HCRSV-CPTCV. We planed to take another road to 
explore the mechanisms behind such biological phenomena with microarray analyses, 
which will be introduced in detail in Chapter 6.    
In summary, infectious constructs TCV-CPHCRSV and HCRSV-CPTCV were 
obtained, whose existence will facilitate the investigation of interaction between 









































                                




Fig. 4.3 TCV-CPHCRSV and HCRSV-CPTCV produced RNA by in vitro 
transcription. Lane 1: TCV-CPHCRSV linearized with XbaI acted as template; Lane 2: 











Chapter 5   Replication of viruses and expression of CP genes in 
protoplasts and whole plants 
5.1    Introduction 
In order to search for genes involved in host-virus interactions using microarray 
analyses, and to figure out the signaling in cells in response to virus infection, the 
mutants should be demonstrated to be infectious. In this study, the infectivity in 
protoplasts and movement of virus mutants in whole plants were tested.  
Protoplasts, cells devoid of cell walls, show physiological perceptions and 
responses to hormones, metabolites, environmental cues, and pathogen-derived 
elicitors in a similar way as intact tissues and plants do (Sheen, 2001). This feature 
facilitates our interaction studies because we may obtain information about the 
response of whole plant to viruses through studies of protoplasts.  
Since protoplast system was developed in 1960 (Cocking, 1960) and was first 
used for TMV RNA transformation (Aoki and Takebe, 1969), it has been widely used 
for transient expression with the assistance of reporter genes. For example, 
Arabidopsis protoplast transient expression assays have been used to study virus MPs 
(Heinlein et al, 1995; McLean et al, 1995), resistance gene product (Leister and 
Katagiri, 2000),  and protein-protein interactions (Subramaniam et al, 2001). Another 
example is that modified virus that contained MP:GFP fusion protein retained 
infectivity and the MP:GFP fusion protein was detected as long filaments shortly after 
infection of protoplasts and leaf tissues (Heinlein et al, 1995). Our methods are similar 
to these transient expression systems using protoplasts, except that different incubation 
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periods were set so that HCRSV can replicate and express proteins to levels detectable 
in Northern and Western blotting. 
In this part, Arabidopsis and Hibiscus protoplast systems, which were developed 
from previous studies (http://www.scienceboard.net; Liang et al, 2002), were adopted. 
After incubating in dark for 16 h for checking replication or 48 h for checking protein 
expression, total RNA and total protein were extracted from the transfected protoplasts. 
And whole plants of Arabidopsis, Hibiscus and N. benthamiana were inoculated to 
check the systemic infection of virus mutants and complementation between them as 
well. 
5.2    Materials and methods 
5.2.1    Arabidopsis protoplast isolation and transfection 
        Leaves were harvested from Arabidopsis plants of 3-4 weeks and surface 
sterilized for 10 min with 0.8% Clorox® (sodium hypochloride), followed with 5 min 
washing with MilliRO water for three times. The leaves were sliced into 1 mm strips 
and incubated for 2-3 h at 25oC in dark in enzyme mixture (0.4 M mannitol, 20 mM 
KCl, 20 mM MES, 1.5% cellulase R10 and 0.4% macerozyme R10 (Yakult Honsha, 
Japan), pH5.7, 10 mM CaCl2 and 1% BSA). In the preparation process, the enzyme 
solution was heated for 10 min at 55oC and then cooled to RT before CaCl2 and BSA 
were added under stirring.  
        The protoplast suspension was then gently pumped for higher release efficiency 
and filtered through 70 µm nylon filter. Filtrate was transferred into 50 ml sterile tubes 
and washed by centrifugation at 100 g for 2 min, and supernatant was discarded. 
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Pellets were re-suspended gently in washing solution W5 (154 mM NaCl, 125 mM 
CaCl2, 5 mM KCl, 2 mM MES, pH 5.7) and centrifugated with 100 g for 2 min. 
Protoplasts were transferred into 15 ml centrifuge tubes and centrifugated with 100 g 
for 2 min, and pellet was re-suspended in Culture Medium (0.4 M mannitol, 15 mM 
MgCl, 4 mM MES, 0.442% MS medium, pH 5.7) to a concentration of 4 X 104 
protoplasts/ml. The protoplasts were kept on ice during all isolation steps and 
centrifugation was always conducted at 4oC.  
        Protoplasts of 200 µl were mixed well with 20 µg RNA transcripts and 200 µl 
PEG solution (40% PEG, 0.3 M mannitol, 100 mM CaCl2), then 4.5 ml W5 solution 
was added to dilute the cells. The cells were kept on ice for 20 min before 
centrifugation with 100 g for 3 min. Supernatant was removed and the cells were 
washed again with 5 ml W5 solution when supernatant was removed completely to 
eliminate PEG. 1×105Cells were put in Culture Medium in Petri-dish at 25oC for 
incubation in dark. 
5.2.2    Hibiscus protoplasts isolation and transfection 
         Leaves were harvested from Hibiscus plants with 4-6 leaves and surface-
sterilized as with Arabidopsis leaves. The leaves were sliced into 1 mm strips and 
incubated in dark in enzyme mixture (0.2 mM KH2PO4, 1 mM KNO3, 1 mM MgSO4, 
10 mM CaCl2, 1 µM KI, 0.01 µM CuSO4, 0.6 M mannitol, 0.8% cellulase RS and 
0.25% macerozyme R10 (Yakult Honsha, Japan) for 16 h at 25oC.  
        The protoplast suspension was then gently pumped for higher efficiency and 
filtered through 70 um nylon filter. The protoplasts were kept on ice during all 
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isolation steps. And centrifugation was all conducted at 4oC at 100 g. Filtrate was 
transferred into 50 ml centrifuging tubes and washed by centrifugation for 5min, and 
supernatant was discarded. Pellets were re-suspended in washing solution (0.6 M 
mannitol, 1.0 mM CaCl2, pH 5.6) and centrifugated for 5min. This step was repeated 
till the supernatant was free of cell debris. Protoplasts were transferred into 15 ml 
falcon tubes and centrifuged with for 5min, and pellet was re-suspended in washing 
solution to a concentration of 106 protoplasts per ml.  
        RNA transcripts (20 µg) were mixed well with 4 X 105 protoplasts and 10% 
PEG/calsium chloride for 15 s, and then 4.5 ml washing solution was used to dilute 
the cells. The cells were kept on ice for 20 min before being centrifugated with 100 g 
at 4oC for 6 min. Supernatant was removed and the cells were washed again with 2ml 
washing solution by centrifugation for 6min. Supernatant was removed completely to 
remove PEG. Cells were put in MS medium in Petri-dish at a concentration of 105 at 
25oC for incubation in dark. 
5.2.3    Replication and expression of the CP genes in protoplasts  
           Protoplasts were harvested and then flash-frozen by liquid nitrogen. Protoplast 
pellet was suspended with nuclease-free water and total RNA was extracted with equal 
volume of 2×VEBA solution (40 mM Tris-HCl, pH 8.5, 200 mM NaCl, 0.1% SDS 
and 80 µM EDTA). Phenol extraction, ethanol precipitation and washing were carried 
out subsequently. Finally, the RNA pellet was dissolved in nuclease-free water and 
stored at -80 oC. 
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        Alternatively, RNA was extracted from protoplasts using RNeasy Mini Kit 
(QIAGEN, USA). The sample weight was measured to make sure the starting material 
was less than 100 mg. The cells were kept frozen in liquid nitrogen. Before the cells 
thawed, 450 µl RLT was added to cells and mixed vigorously. Then the lysate was 
transferred directly into a microfuge tube and subjected to centrifugation for 2 min at 
maximum speed. The supernatant was carefully transferred to a new tube. The 
centrifuge step was repeated once and the supernatant was transferred to a new tube. 
Half volume of 100% ethanol was added to the tube and mixed by pipetting.  
        The mixture was applied to an RNeasy Mini column in a 2 ml collection tube. 
The tube was spun for 15 s at 10,000 rpm and the flow-through was discarded. Then 
700 µl buffer RW1 and 500 µl RPE were respectively added to the column and 
centrifugated for 15 s at 10,000 rpm, and the flow-through was discarded. Again 500 
µl RPE were added to the tube and spun at 10,000 rpm for 2min to dry the column. 
For higher purity the column was placed into a new tube and spun at full speed for 1 
min. Then the column was transferred to a new 1.5 ml tube and 30-50 µl RNase-free 
water was added to the center of the membrane to elute RNA. The tube was spun at 
10,000 rpm for 1 min. For high recovery, the elution step was repeated once. For high 
concentration, the eluate was applied to the center of the membrane for a second round 
of elution. 
        All the RNA samples were analysed by Northern blot analysis, and the protein 
samples were analysed by Westerblot analysis. Both methods were described in 
Chapter 2. 
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5.2.4    Replication and expression of the CP genes in plants  
        Total RNA was extracted from plant using TRIzolTM reagent (Life Technologies, 
GibcoBRL, USA). Tissue sample of 0.1 g was homogenized in 1 ml Trizol reagent 
and the homogenized sample was incubated for 5 min at room temperature. For 1 ml 
Trizol reagent used in the first step, 0.2 ml chloroform was added and the mixture was 
shaken vigorously for 15 s. Then the tube was incubated at RT for 3 min before 
centrifugation with 12,000 g for 15 min at 4oC. The aqueous phase was transferred to a 
new tube. Isopropanol of half volume of the Trizol reagent was added to precipitate 
RNA. The sample was incubated at RT for 10 min and then spun at 12,000 g for 10 
min at 4oC. RNA pellet was washed once with 75% ethanol at 7,500 g for 5 min at 4 
oC. Then RNA was air-dried and dissolved in RNase-free water. 
        Alternatively, hot-phenol buffer comprising equal volume of extraction buffer 
(0.1 M LiCl, 100 mM Tris.Cl (pH 8.0), 10 mM EDTA and 1% SDS) and acid phenol 
(pH 4.3) at 80oC and 4 M LiCl were used to extract and precipitate RNA. The RNA 
pellet was washed with 2 M LiCl, dissolved in RNase-free TE, re-precipitated in 2.5 
volumes of absolute ethanol and 0.1 volume of NaOAc, and washed twice with 75% 
ethanol. Finally it was dissolved in RNase-free water and kept at - 80 oC. 
        Total protein was extracted from plants with almost the same method as from 
protoplasts. The only difference was that the leaves were weighed and ground in liquid 
nitrogen before being transferred into a centrifuging tube and being mixed with 
cracking buffer.  
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       RNA samples were analysed by Northern blot analysis, and the protein samples 
were analysed by Westerblot analysis. 
5.3    Results and discussion 
5.3.1    Replication and expression of TCV, TCV-CPHCRSV, HCRSV, HCRSV-
CPTCV in protoplasts 
        After protoplasts were successfully released from Arabidopsis and H. cannabinus 
leaf strips, the protoplasts were transformed with in vitro transcripts of TCV, TCV-
CPHCRSV, HCRSV and HCRSV-CPTCV. Then RNA and protein samples were obtained 
from the protoplasts infected with virus or viral mutant, Northern and western blot 
analyses were used to check the replication and expression of the viruses and mutants.  
        The analyses showed that TCV, TCV-CPHCRSV, HCRSV and HCRSV-CPTCV 
could replicate and express CP in Arabidopsis protoplasts (Fig. 5.1; Fig. 5.3), which 
made further investigation possible for study the host-virus interaction with 
Arabidopsis genomic DNA microarray. Moreover, the replication and expression 
levels of the two mutants decreased as compared with wild-type viruses (Fig. 5.1; Fig. 
5.3), which suggested that they had different interactions with the host genes, thus 
different global gene expression profiles were expected from the microarray analyses.  
        The analyses also showed that only TCV, HCRSV, and HCRSV-CPTCV could 
replicate and express CP in Hibiscus protoplasts, and again the replication and 
expression level of HCRSV-CPTCV decreased in comparison with the wild-type 
viruses (Fig. 5.2; Fig. 5.4).  
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        One possible reason behind the fact that mutant TCV-CPHCRSV could replicate 
and express CP in Arabidopsis but not in Hibiscus protoplasts (Fig. 5.1; Fig. 5.2; Fig. 
5.3; Fig. 5.4) is that the substitution of CP disrupted some factor(s) in TCV which 
should function together with some host factor(s) from Hibiscus. To test the 
hypothesis, mutation clones with HCRSV CP could be made with various lengths of 
sequence downstream the start codon of TCV CP, and the subsequent transformation 
tests with protoplasts may lead to discovery of regions important for the transcription 
and finally to such  host interacting viral factor(s). 
5.3.2    No complementation of HCRSV and TCV, or TCV-CPHCRSV and HCRSV-
CPTCV in protoplasts or whole plants  
 The infectivity of the two mutants was demonstrated in transfection of the 
Arabidospsis protoplasts, and we were curious to know if they could infect whole 
plant systemically. But inoculation of whole plants showed that neither of the two 
mutants could produce detectable symptoms on the leaves of N. benthamiana, 
Arabidopsis and H. cannabinus (data not shown).  
        Considering that the mutants could infect protoplasts, we suspected that this 
inability to induce symptoms was due to movement deficiency of the mutants. Some 
relevant results that mutant viruses with foreign CP genes could not move in the 
leaves were reported previously. For example, substitution of CMV’s CP with that of 
Brome mosaic virus (BMV) abolishes cell-to-cell movement in permissive hosts C. 
quinoa and N. benthamiana, and the movement is restored only when the MP and CP 
genes are both from the same virus (Osman et al, 1998). However, whether we can 
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restore movement by putting CP and MP from the same virus into the chimeras and 
thus enable the systemic infection remains to be verified.  
While in some other casese, such inability of systemic movement could result 
from the incompatibility of MP and CP in the chimera. For example, the MP of CMV 
is able to function with the Tomato aspermy virus (TAV) CP (chimera RT), but TAV 
MP is unable to promote the cell-to-cell movement in the presence of CMV CP 
(chimera TR) (Salanki et al, 1997). Analysis of recombinant clones suggests that 
compatibility between the C-terminal 29 AA of the MP and the C-terminal two-thirds 
of the CP is required for cell-to-cell movement of cucumoviruses (Salanki et al, 2004).  
Although we did not construct clones with CP and MP from the same virus, by 
coinoculating the two mutants, we may imitate such a situtation because the mutants 
may express both MPs and CPs of TCV and HCRSV in the inoculated leaves. So we 
tried to coinoculate the two mutants to see if they would complement each other to 
facilitate their systemic infection.  
However, no complementation between TCV-CPHCRSV and HCRSV-CPTCV and 
no complementation between TCV and HCRSV were detected in whole plants (data 
not shown). And further complementation experiments in Hibiscus protoplasts showed 
that contrary to our expectation, coinoculation of HCRSV-CPTCV and TCV-CPHCRSV 
not only could not enable CP expression of TCV-CPHCRSV, but also reduced 
expression level of HCRSV-CPTCV; and similarly coinoculation of HCRSV and TCV 
not only could not enable CP expression of TCV, but also reduced expression level of 
HCRSV (Fig. 5.4). For such unexpected phenomena, at the moment we just propose 
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that they might arise from the competition of viruses for the factors involved in the 
transcription or translation. 
In summary, infectivity and movement of mutants TCV-CPHCRSV and HCRSV-
CPTCV were checked in both protoplasts and whole plants. It was shown that in 
Arabidopsis protoplasts both mutants and their wild-type viruses could replicate and 
express their CPs, while in Hibiscus protoplasts only TCV, HCRSV and HCRSV-
CPTCV could replicate and express their CPs. Judging by the different expression levels 
of the viruses and mutants in Arabidospsis and Hibiscus protoplasts, we expected to 
detect different global gene expression profiles resulting from different interactions 
with the host genes, and thus Arabidopsis genomic microarray analysis will be carried 
out to probe the host-virus interaction.  
        However, single inoculation of whole plants showed that movement abilities of 
the two mutants were abolished, and in coinoculation tests no complementation 
between TCV-CPHCRSV and HCRSV-CPTCV or between TCV and HCRSV was 
detected in whole plants or in protoplasts. For the sake of our major goals, these 











   
 
                                                                    
 
Fig. 5.1 TCV, TCV-CPHCRSV, HCRSV and HCRSV-CPTCV could replicate in 
Arabidopsis protoplasts. The left panel was hybridized with antisense RNA probe to 
TCV CP gene while the right one with RNA probe to HCRSV CP gene. Lanes from 
left to right were loaded with 10 ug total RNA from protoplasts 16 h after transfection 
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Fig. 5.2 TCV, HCRSV and HCRSV-CPTCV could replicate in Hibiscus protoplasts. 
The left panel was hybridized with antisense RNA probe to TCV CP gene while the 
right one with RNA probe to HCRSV CP gene. Lanes from left to right were loaded 
with 10 ug total RNA from protoplasts 16 h after transfection with TCV, HCRSV-
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Fig. 5.3 TCV, TCV-CPHCRSV, HCRSV and HCRSV-CPTCV could express CP in 
Arabidopsis protoplasts. The left panel was hybridized with antisera against TCV CP 
while the right one with antisera against HCRSV CP. Lanes from left to right were 
loaded with equal amount of total protein from protoplasts 48 h after transfection with 
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Fig. 5.4 TCV, HCRSV and HCRSV-CPTCV could express CP in H.cannabinus 
protoplasts. The upper panel was hybridized with antisera against HCRSV CP while 
the lower one with antisera against TCV CP. Lanes from left to right were loaded with 
equal amount of total protein from protoplasts 48 h after transfection with HCRSV, 
TCV, HCRSV plus TCV, HCRSV-CPTCV, TCV-CPHCRSV,  HCRSV-CPTCV plus TCV-





 1                2             3             4              5             6           7 
 
    CP 
 
    CP 
 61
Chapter 6    Arabidopsis microarray analyses of TCV, HCRSV,  
TCV-CPHCRSV and HCRSV-CPTCV 
6.1    Introduction 
        In the previous chapters, mutants of TCV-CPHCRSV and HCRSV-CPTCV were 
successfully constructed and demonstrated to be infectious in Arabidopsis protoplasts. 
Analyses showed that there was difference in the replication and expression levels 
among TCV, HCRSV and the two mutants, which suggestd that different host-virus 
interactions occurred at the cellular level when the wild-type viruses and mutants were 
concerned. It was also shown that infectivity of TCV-CPHCRSV was abolished in 
Hibiscus but not in Arabidopsis protoplasts, suggesting that genes in this mutant were 
involved in different types of interactions when the hosts were different.  
To find out the factors involved in and the mechanisms of such biological 
processes, expression profiling of Arabidospsis protoplasts mock inoculated or 
inoculated with one of these four viruses would be obtained. For simultaneous 
monitoring of gene expression of the whole genome, Arabidopsis ATH1 Genome 
Array (Hennig et al, 2003) was adopted in our study, whose probes were hybridized 
with Biotin-labeled cRNA derived from mRNA samples. 
        Similar studies on host response to viruses using Arabidopsis cDNA microarray 
have shown that such investigation at the transcription level was fruitful. For example, 
groups of genes were identified in the interaction between host and CMV-Y (Marathe 
et al, 2004) or between host and TMV (Golem and Culver, 2003). In addition, virus 
general and virus specific responsive genes were detected in Arabidopsis infected with 
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CMV, oil seed rape tobamovirus, turnip vein clearing tobamovirus, PVX, or turnip 
mosaic potyvirus (Whitham et al, 2003). And there were some other results about plant 
resistance against viruses or response to stress (Petersen et al, 2000; Schenk et al, 
2000).  
One example of using Arabidopsis suspension-cultured cells in cDNA microarray 
study was also reported, where transcriptional regulation in response to osmotic stress 
and oxidative stress was studied (Takahashi et al, 2004). The difference between their 
study and ours is that we used protoplasts released from fresh leaf strips rather than 
suspension-cultured cells.  
All these examples showed that it is rational to use protoplasts and the microarray 
to study the host response to viral infections. Without any report of similar studies on 
TCV or HCRSV, our study is supposed to contribute some new knowledge to the 
understanding of interaciton between Arabidopsis and these viruses. However, some 
may argue that there could be a gap between the transcript and protein levels due to 
the expression regulation and modification after translation. Against this argument, 
one supportive example for us was that a quantitative mechanism common to multiple 
defense systems modulated transcript levels of these defense-associated genes, and 
that some transcription factors were proven to play a pivotal role in disease resistance 
(Eulgem, 2005). Based on the information obtained in microarray analyses, 
proteomics study can be carried out for genes of special interest in future.  
In this part, by using recombinant viral clones TCV-CPHCRSV and HCRSV-CPTCV 
with reciprocal substitution of viral CP, we hope to find out genes involved in host-
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virus interaction in many aspects: genes generally responsive to these four viruses or 
specifically responsive to one of them, genes specifically responsive to CP from TCV 
or HCRSV, and genes regulated by viral genes from TCV or HCRSV other than CP 
genes. Such information will be very useful in identification of genes playing 
important roles in host-virus interaction, and further in exploring the mechanisms 
involved in such process. 
6.2    Materials and methods 
6.2.1    RNA sample preparation 
        RNA was extracted from protoplasts using RNeasy Mini Kit (QIAGEN, USA). 
The sample weight was measured to make sure the starting material was less than 100 
mg. The cells were kept frozen in liquid nitrogen. Before the cells thawed, 450 µl RLT 
was added and mixed with cells vigorously. Then the lysate was transferred directly 
into a microfuge tube and subjected to centrifugation for 2 min at 14,000 rpm. The 
supernatant was carefully transferred to a new tube. The centrifuge step was repeated 
once and the supernatant was transferred to a new tube. Half volume of 100% ethanol 
was added to the tube and mixed by pipetting.  
        The mixture was applied to an RNeasy Mini column in a 2 ml collection tube. 
The tube was spun for 15 s at 10,000 rpm and the flow-through was discarded. Then 
700 µl buffer RW1 and 500 µl RPE were separately added to the column and 
centrifugated for 15 s at 10,000 rpm, and the flow-through was discarded. Again 500 
µl RPE were added to the tube and spun at 10,000 rpm for 2min to dry the column. 
For high purity of RNA, the column was placed into a new tube and spun at full speed 
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for 1 min. Then the column was transferred to a new 1.5 ml tube and 30-50 µl RNase-
free water was added to the center of the filter membrane of the column to elute RNA. 
The tube was spun at 10,000 rpm for 1 min. For high recovery, the elution step was 
repeated once. For high concentration, the eluate was applied to the center of the 
membrane for the second round of elution to reduce the total volume of eluate. 
6.2.2    Microarray analysis  
        The Arabidopsis ATH1 Genome Array used in this study contains probe sets 
representing approximately 24,000 gene sequences with annotation from The Institute 
for Genome Research (TIGR). Non-unique probe sets were incoporated to represent 
two or more highly similar genes so that the array may represent as many gene 
sequences as possible. Data from the TIGR database (ATH1-121501) are available in 
the NetAffx™ Analysis Center at www.affymetrix.com. 
6.2.2.1    First strand cDNA synthesis 
       The reaction of 12 ul was set up in a small centrifuge tube: 10 ug total RNA, 
DEPC-H2O, 1 ul T7-(dT)24 primer (100 pmol/ul) and incubated at 70oC for 10 min on 
PCR machine. Then the tube was quick-spun and put on ice. Following that, more 
reagents were added to the tube: 4 ul 5X First Strand Buffer, 2 ul 0.1 M DTT, 1 ul 10 
mM dNTP mix and mixed well, and then incubated at 42 oC for 2 min on PCR 
machine. SUPERSCRIPT II RT (2 ul of 200 U/ul per 10 ug mRNA) (400 U per 10 ug) 
was added so that total volume reached 20 ul. It was mixed well and incubated at 42oC 
for 1 h on PCR machine. 
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6.2.2.2    Second strand cDNA synthesis 
        After first strand cDNA synthesis, the tube was quick-spun and put on ice. The 
following reagents were added to the tube to a final volume of 150 ul: 91 ul DEPC-
H2O, 30 ul 5X Second Strand Buffer, 3 ul 10 mM dNTP mix, 1 ul 10 U/ul E. coli 
DNA Ligase, 4 ul 10 U/ul E. coli DNA Polymerase I, 1 ul 2U/ul E.Coli RNase H. 
Again the components were mixed and quick-spun. Then the reaction was incubated at 
16oC for 2 h on a PCR machine. After that 2 ul T4 DNA polymerase (10 U) were 
added and the reaction was incubated at 16oC for 5 min on a PCR machine. 10 ul of 
0.5 M EDTA was added to stop the reaction before cleaning up of the cDNA. 
6.2.2.3    Clean up of double-stranded cDNA 
        Phase lock gel (PLG-Heavy) tubes were pre-spun for 20-30 s at >12,000 g before 
162 ul of phenol: choloroform: isoamyl alcohol (25: 24: 1) was added to cDNA tube 
from above. The mixture was vortexed briefly and transferred to PLG-H tubes. For 
separation of phases the tubes were centrifugated at RT for 2 min at >12,000 g. The 
upper, aqueous layer was carefully transferred into fresh 1.5 ml tube. For precipitation, 
0.5 volumes of 7.5 M NH4OAc and 2.5 volumes of absolute ethanol (-20oC) were 
added to each tube. To pellet cDNA, the tubes were vortexed thoroughly and 
centrifugated at RT for 20 min at >12,000 g. Supernatant was carefully removed and 
the pellet was overlayed with 0.5 ml of 80% ethanol (-20oC). The tubes were 
centrifugated for 5 min at >12,000 g. Supernatant was removed carefully not to disturb 
the pellet as the pellet might be loose. The wash step was repeated once. Then cDNA 
was air dried at 37oC for 10 min. Finally dried pellet was re-suspended in a small 
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volume of RNase-free water, preferably 12 ul. An aliquot of 1 ul was saved for gel 
analysis and the rest was stored at -20oC for future use. 
6.2.2.4    Synthesis of Biotin-labeled cRNA 
        For preparation, 37oC water bath was set. The following reagents were added to a 
final volume of 40 ul into a 1.5 ml centrifuge tube: 6 ul Template DNA, 16 ul DEPC-
H2O, 4 ul 10X HY Reaction Buffer, 4 ul 10X Biotin-labeled radionucleotides, 4 ul 
10X DTT, 4 ul 10X RNase inhibitor mix, and 2 ul 20X T7 RNA polymerase. The 
reaction was mixed well and quick-spun. Then the tube was incubated in a 37oC water 
bath for 4-5 h. The contents were gently mixed every 30-45 min. Then the reaction 
was ready for clean-up or it was stored at -20oC or -70oC.  
6.2.2.5    Clean up & quantification of IVT products 
        The IVT products were purified with QIAGEN RNeasy columns. Sample volume 
was adjusted to 100 ul with RNase-free water.  Then 350 ul of Buffer RLT was added 
and mixed thoroughly. Following that 250 ul 100% Ethanol was added and mixed 
thoroughly by pipetting. 
        The sample was applied to an RNeasy column placed in a 2 ml collection tube 
and the tube was centrifugated for 15 s at >10,000 rpm. The flow-through and 
collection tube were discarded and the column was transferred into a new 2 ml 
collection tube. For washing, 500 ul Buffer RPE was added to RNeasy column and the 
tube was centrifugated for 15 s at >10,000 rpm. Then the flow-through was discarded 
and another 500 ul Buffer RPE was added to RNeasy column. The tube was 
centrifugated for 2 min at >10,000 rpm and the flow-through was discarded. For 
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higher purity, the tube was centrifuged for 1 min at >10,000 rpm to dry the membrane. 
For elution, the RNeasy column was transferred to a 1.5 ml collection tube. Then 30-
50 ul of RNase-free water was added directly to the membrane. It was kept for 1 min 
before the tube was closed gently and centrifugated for 1 min at >10,000 rpm. If yield 
is >30ug RNA, elution step was repeated with a second volume of RNase-free water. 
An aliquot was saved for gel analysis. The qualification of cRNA yield was carried out 
with spectrophotometer. 
6.2.2.6    Fragmentation of cRNA 
        The Fragmentation Buffer has been optimized to break full-length cRNA to 35 
into 200 base fragments by metal-induced hydrolysis. For one standard format array, 
15 ug of fragmented cRNA was needed. The reaction was set up to a final volume of 
40 ul. For every 8 ul of RNA & water 2 ul of 5X Fragmentation buffer was added 
together with 15 ug fragmented cRNA, 5X Fragmentation buffer and DEPC-H2O. It 
was incubated at 94oC for 35 min on a PCR machine and put on ice after incubation. 
An aliquot of at least 1 ug was saved for gel analysis and the rest was stored at -20oC 
until hybridization. 
6.2.2.7    Eukaryotic hybridization 
        First 20X Eukaryotic hybridization controls was thawed at RT and then heated at 
65oC for 5 min to completely resuspend the cRNA. The cRNA was aliquoted to 3 
tubes to avoid freeze-thaw more than three times. The heat-block was set to 99oC and 
hybridization oven to 45oC. Probe array was equilibrated to RT immediately before 
use. 
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        12X MES Stock Buffer (pH6.5-6.7) of 1,000 ml is composed of 64.61g of MES 
hydrate, 193.3 g of MES sodium Salt and molecular biology grade water and filtered 
through a 0.2 µm filter. 2X Hybridization Buffer of 50 ml contained 8.3 mL of 12X 
MES Stock Buffer, 17.7 mL of 5M NaCl, 4.0 mL of 0.5M EDTA, 0.1 mL of 10% 
Tween-20 and 19.9 mL of water. The hybridization mix of 300 ul was prepared for 
standard format: 15 ug fragmented cRNA, 5 ul Control Oligonucleotide B2 (3nM),  15 
ul 20X Eukaryotic hybridization controls, 3 ul Herring sperm DNA (10 mg/ml), 3 ul 
Acetylated BSA (50 mg/ml), 150 ul 2X Hybridization buffer and DEPC-H2O. The 
Hybridization cocktail was incubated to 99oC for 5 min in a heat block. 
         The array was wetted by adding 250 ul 1X Hybridization buffer per standard 
format through one of the septa. Chip was rotated around to make sure all surfaces get 
solution. The array filled with 1X Hybridization buffer was incubated at 45oC for 10 
min with rotation. Then the hybridization cocktail was transferred from 99oC to 45oC 
heat block and kept for 5 min. The Hybridization cocktail was spun at maximum speed 
for 5 min to remove any insoluable material. The 1X Hybridization buffer was 
removed from the probe array. And the array was filled with 200 ul of clarified 
Hybridization cocktail. Then both septas were sealed. Probe was placed in rotisserie 
box in 45oC oven and rotated at 60 rpm. Then it was hybridized for 16 h. The 
remaining hybridization cocktail was stored at -80oC. 
        Then .EXP files were set up for the experiments in MAS5 for use with fluidics 
station the next day. 
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6.2.2.8    Array wash and stain 
        The Fluidic station was turned on and all modules were primed. The 2X Stain 
Buffer of 250 ml was composed of the following reagents: 41.7 ml of 12X MES Stock 
Buffer, 92.5 ml of 5 M NaCl, 2.5 mL of 10% Tween-20 and 113.3 ml of water. The 
solution was filtered through a 0.2 µm filter and stored at 2°C to 8°C and shielded 
from light.  
        The streptavidin phycoerythrin (SAPE) stain solution was prepared in amber 
tubes one hour before end of hybridization. A total of 1,200 ul SAPE solution mixture 
was composed of the following: 600 ul 2X MES Stain Buffer, 48 ul Acetylated BSA 
(50 mg/ml), 12 ul SAPE (1 mg/ml) and 540 ul distilled (DI) H2O. The mixture was 
mixed well and divided into two aliquots for stains 1 and 3. The staining solution was 
prepared shortly before the staining procedure. 
        The antibody solution of 600 ul was prepared from 300 ul 2X MES Stain Buffer, 
24 ul Acetylated BSA (50 mg/ml), 6 ul Normal Goat IgG (10 mg/ml), 3.6 ul 
Biotinylated antibody (0.5 mg/ml) and 266.4 ul DI H2O. 
        After 16 hours of hybridization, the hybridization cocktail was removed from the 
array and stored in a microcentrifuge tube on ice during the procedure. Then it was 
stored at -80oC freezer for long term. 
        The array was filled with appropriate volume of Non-Stringent Wash Buffer 
(wash buffer A) filtered through a 0.2 µm filter (300 ml of 20X SSPE, 1.0 ml of 10% 
Tween-20 and 699 ml of water). Stringent Wash Buffer (Wash Buffer B) of 1000ml 
contained 83.3 ml of 12X MES Stock Buffer, 5.2 ml of 5M NaCl, 1.0 ml of 10% 
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Tween-20 and 910.5 ml of water. The buffer was filtered through a 0.2 µm filter, and 
stored at 2°C to 8°C and shielded from light. 
        The rest was carried out following the EukGE-WS2. The procedures were as 
described below: 
• Post Hyb Wash #1: 10 cycles of 2 mixes/cycle with Wash Buffer A at 30°C;  
• Post Hyb Wash #2: 6 cycles of 15 mixes/cycle with Wash Buffer B at 50°C; 
• Stain: Stain the probe array for 5 minutes in SAPE solution at 35°C; 
• Post Stain: Wash 10 cycles of 4 mixes/cycle with Wash Buffer A at 30°C; 
• Second Stain: Stain the probe array for 5 minutes in, antibody solution at 35°C; 
• Third Stain: Stain the probe array for 5 minutes in SAPE solution at 35°C; 
• Final Wash: 15 cycles of 4 mixes/cycle with Wash Buffer A at 35°C. The 
holding temperature is 25°C. 
6.3    Results  
6.3.1    cRNA sample preparation 
        As described previously, total RNA was extracted and purified from protoplasts, 
and then the mRNA in total RNA was converted into cDNA via RT-PCR to reflect the 
gene expression profile of the transfected protoplasts (Fig. 6.1 A). Then cDNA was 
amplified through in vitro transcription (Fig. 6.1 B), during which the cRNA product 
was labeled with Biotin for detection (Fig. 6.1 C). Finally, such cRNA samples 
hybridized with probes on the Arabidopsis oligonucleic chips. Successful cRNA 
production and labeling ensured the smooth process of hybridization and thus the 




             
 
   
                            
 
Fig. 6.1 cRNA sample preparation from total RNA of Arabidopsis for microarray 
analysis. Panel A: cDNA from total RNA samples of Arabidopsis protoplasts; Panel B: 
cRNA generated from cDNA; Panel C: Biotin labeling of cRNA derived from RNA 
samples of Arabidopsis protoplasts. In three panels, protoplasts were transfected with 
water, HCRSV-CPTCV, TCV-CPHCRSV, HCRSV and TCV (from lanes 1 to 5). 
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After some washing and staining procedures, strength of Biotin integrated into 
the cRNA would represent the expression levels of Arabidopsis genes. In contrast to 
the staining system involving Cy3 and Cy5 (Schena et al, 1995) in which two samples 
are applied to one chip and compared to each other, our chips are labeled with Biotin 
and will show only one color and each of the five samples can be compared with one 
of the rest four. Internal controls on our chips will enable data normalization for 
elimination of the false signals and background noise. 
6.3.2   Expression profiles of protoplast samples 
6.3.2.1   Consistency test and preanalysis of data 
        To check the constistency of the data of two duplicates from microarray analyses, 
Straight Line Fit analysis was carried out and results were displayed as five scatter 
plots and R-values, which featured CK or samples transfected with HCRSV, TCV, 
HCRSV-CPTCV or TCV-CPHCRSV. As an example, Fig. 6.2 showed the scatter plot of 
data of negative controls (CK) from duplicates one and two, and other scatter plots 
were not shown here since they were very similiar. And it turned out that all R-values 
were around 0.98, which demonstrated that the experiments were reproducible and the 
data were reliable. To avoid the disturbance of noise of the background, one-way 
ANOVA is used to filter out genes whose expression levels were lower than certain 
value (signal < 500) in all the samples or did not have significant change in any pair of 
samples. A relatively low threshold of 1.5 times change in expression level was set for 
fear of losing useful information. And as a result, around 1,000 genes passed the 
screening.  
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In a word, two duplicates of microarray analyses produced consistent and reliable 
data of the gene expression levels in Arabidopsis protoplasts transfected with wild-
type and mutant viruses, and such data were pretreated with one-way ANOVA for 
further analyses. 
6.3.2.2   K-Means clustering analysis 
        After preanalysis by one-way ANOVA, K-Means clustering was used to group 
genes which shared similar dynamics of expression levels on the four treatments (TCV, 
HCRSV, TCV-CPHCRSV and HCRSV-CPTCV) together. The K value was set as 12, so 
all genes fell into 12 groups (data not shown). To show the dynamics clearly, mean 
value of each group was adopted in the following diagrams (Fig. 3 to 14), where 
samples were defined with the virus backbone and CP type, that is, CK was labeled as 
NONE/NIL, HCRSV as H/CPH, HCRSV-CPTCV as H/CPT, TCV-CPHCRSV as T/CPH 
and TCV as T/CPT. The values on the ordinate (y-axis) showed expression levels of 
samples relative to that of negative control (CK), and the sample names were labeled 
on the abscissa (x-axis). For convenience, in the following interpretation of these 
figures, samples derived from Arabidopsis protoplasts transfected with certain virus or 


















Fig. 6.2    Scatter plot of data from negative controls (CK) in two microarray 









Fig. 6.3 Candidate genes, whose expression levels were lower in samples HCRSV 
and TCV-CPHCRSV compared with negative control, TCV and HCRSV-CPTCV, 
may be involved in interaction of host-HCRSV CP gene.  
 
 
Fig. 6.4 Candidate genes, whose expression levels were lower in sample HCRSV 
and higher in sample TCV compared with negative control, TCV-CPHCRSV and 






Fig. 6.5 Candidate genes, whose expression levels were lower in sample TCV-
CPHCRSV compared with negative control and the rest samples, may be involved 




Fig. 6.6 Candidate genes, whose expression levels were higher in sample HCRSV-
CPTCV compared with negative control and the rest samples, may be involved in 




Fig. 6.7 Candidate genes, whose expression levels were lower in all samples 




Fig. 6.8 Candidate genes, whose expression levels were higher in all samples 





Fig. 6.9 Candidate genes, whose expression levels were higher in samples 
HCRSV-CPTCV and TCV-CPHCRSV compared with negative control, may be 
involved in common interaction of host with chimeric viruses. 
 
 
Fig. 6.10 Candidate genes, whose expression levels were lower in sample HCRSV 












Fig. 6.12 Candidate genes, whose expression levels were lower in sample HCRSV-
CPTCV but higher in samples TCV and TCV-CPHCRSV compared with negative 
control, may be involved in interaction of host with genes from TCV. 
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Fig. 6.13 Candidate genes, whose expression levels were significantly higher in 
sample TCV compared with negative control, may be involved in interaction of 




Fig. 6.14 Candidate genes, whose expression levels were significantly lower only 
in sample TCV compared with negative control, may be involved in interaction of 
host with genes from TCV.  
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These figures show that the genes responding to certain virus(es), or certain CP 
are grouped accordingly, and the data are of great importance to future study. Among 
these twelve groups of genes, several are particularly interesting to us because they 
displayed special dynamics of expression levels. Such features implied that some 
genes with certain biological, cellular and molecular functions may exist. By exploring 
these groups, we may find the genes that interact with CP genes or other viral genes. 
Firstly, genes in Fig. 3 seemed to negatively respond to HCRSV CP gene but not 
to TCV CP gene, including genes involved in protein kinase C activation, apoptosis, 
protein ubiquitination, response to pathogen, oligosaccharide biosynthesis, ubiquinone 
biosynthesis, defense response to pathogen, signal transduction, gibberellic acid 
mediated signaling, response to pest and pathogen, and others. Genes in Fig. 12 
seemed to respond positively to TCV backbone (genes other than CP gene) only, 
which include genes involved in Mo-molybdopterin cofactor biosynthesis, DNA repair, 
response to UV, tetrahydrobiopterin biosynthesis, potassium ion transport, lipid 
synthesis, G-protein coupled receptor protein signaling pathway, peptidoglycan 
biosynthesis, etc. The results show that the K-Meanse clustering method can 
effectively group genes with similar response to viral infection together when the K 
value is appropriate, such as genes specifically responding to HCRSV CP gene, or 
TCV backbone genes.  
Secondly, expression levels of genes in Fig. 7 were downregulated by the 
infection of four viruses, such as genes involved in calcium binding, regulation of 
transcription, protein folding, signal transduction, proteolysis and peptidolysis, protein 
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transportation, protein modification, sythesis of polysaccharide and lipopolysaccharide, 
etc. Genes in Fig. 8 were upregulated by the viral infection generally, such as genes 
involved in protein ubiquitination, transcriptional regulation, tachykinin signaling 
pathway, protein complex assembly, starch synthesis and protein synthesis, removal of 
superoxide radicals, etc. These genes respond to viral infection in a general manner, 
and most of them are involved in transcriptional regulation, protein syntheis and 
modification, and in intracellular signaling. Such results indicate that the profiling of 
RNA from protoplasts reflects the influence of viral infection on cellular fuctions 
including substance synthesis, metabolism and signaling, which is very important for 
future study of the host-virus interaction on the basis of information provided in this 
study. 
Moreover, genes in Fig.13 and Fig. 14 seemed to respond to TCV infection 
specifically, with the former upregulated and the latter downregulated. Upregulated 
plant genes are mainly involved in microtubule-based movement, auxin mediated 
signaling pathway, signal transduction, transport, protein folding, protein secretion, 
defense response, negative regulation of ethylene mediated signaling pathway, 
response to auxin stimulus, response to abscisic acid stimulus, regulation of 
transcription, etc. The downregulated genes are mainly involved in protein 
modification, ubiquitin-dependent protein catabolism, regulation of transcription, 
potein complex assembly, etc. These genes are important candidate genes of factors 
playing roles in host response to TCV infection, and futher study is needed to obtain 
information about the pathways involving host and viral genes in the interaction.  
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As stated above, in K-Means clustering, which defined genes with the same 
variational trend of expression in different samples as a class, lots of genes whose 
function were confirmed or not were grouped together. That means these genes would 
have similar function with this similarity on overall variational trend. So we could 
predict the function of the ones whose functions remain unknown by comparing them 
with those genes with known functions, and indentify new factors involved in such 
host-virus interaction. Such genes are candidates of host genes that are actually 
involved in direct or indirect interaction with viruses. For example, when one gene is 
upregulated and another is downregulated by TCV infection, and both genes are 
involved in the synthesis or metabolism of certain factors, we may be able to propose 
a pathway involving these genes in the host-viral interaction. Admittedly, further 
studies are required to find out in what step and in what way they play roles in such 
interaction, and the details about the methods will be mentioned in discussion part.  
6.3.2.3    Two-way ANOVA  
While K-Means clustering grouped genes according to their expression dynamics 
on four treatments, we also hoped to screen for genes whose expression profiles were 
specifically influenced by interaction between Arabidopsis and viral backbones or CPs. 
So two-way ANOVA was adopted to screen out genes whose expression levels were 
lower than certain value (signal < 500) in all the samples or did not have significant 
change (1.5 times) in expression level in any pair of samples. The major step was the 
significance test on viral backbones (genes of TCV and HCRSV excluding CP genes) 
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and on CP genes (TCV CP and HCRSV CP). The results were displayed in Venn 
Diagramm (Fig. 6. 15) and gene lists (Tables 6.1, 6.2 and 6.3). 
Genes in Table 6.1 therotically had significantly different expression profiles 
when the host plant had some interaction with viral backbones, that is, they reacted in 
one way to TCV and TCV-CPHCRSV, but in another way to HCRSV and HCRSV-
CPTCV. And Table 6.2 and Table 6.3 presented genes influenced by interaction of 
Arabidopsis-CP and Arabidopsis-interaction between backbone and CP, respectively. 
Among these genes, heat shock protein, zinc finger family protein, ABC transporter 
family protein and leucine zipper factor were reported as involved in host response to 
pathogen or stress previously (Marathe et al, 2004; Campbell et al, 2003).  
Information about the functional class of these genes is also provided in the tables. 
Genes in Table 6.1 are mainly defense related genes, genes without known functions 
or interesting miscellaneous genes. Similar profile is found in Table 6.3, which present 
host genes respond to the interaction of CP gene and other viral genes in a virus. 
Genes in Table 6.2 are mostly genes without known functions, or interesting 
miscellaneous genes, providing much room for future exploration. Apparently further 
















First parameter (backbone) test. Second parameter (CP) test.






Fig. 6.15    Venn Diagram showed that 24, 23 and 24 genes were influenced by 
interaction of Arabidopsis-viral backbone, Arabidopsis-CP and Arabidopsis-






Table 6.1    Genes whose expression levels were influenced by 
interaction between host and virus backbones. 
 
Functional class Transcript 




mutase family protein 
Unclassified At1g23180 armadillo/beta-catenin repeat family protein 
Hydrolase At4g36360 beta-galactosidase, putative / lactase, putative 
Unknown At5g02710 expressed protein 
Defense related At1g05350 thiF family protein 






miscellaneous At1g07840 leucine zipper factor-related 
Unknown At5g64890 expressed protein 
Interesting 
miscellaneous At5g47240 MutT/nudix family protein 
Heat shock 
protein At1g59860 




protochlorophyllide reductase B, chloroplast / 
PCR B/NADPH-protochlorophyllide 
oxidoreductase B (PORB) 
Transcriptional 
regulator At4g29000 







protein At3g47940 DNAJ heat shock protein, putative 
Defense related At5g64940 ABC1 family protein 
Interesting 
miscellaneous At5g56600 profilin 5 (PRO5) (PRF3) 
Interesting 
miscellaneous At5g27950 kinesin motor protein-related 
Unknown At1g30135 expressed protein 
Unknown At5g40500 expressed protein 
Interesting 
miscellaneous At2g13970 Mutator-like transposase family 
Interesting 
miscellaneous At2g37160 
transducin family protein / WD-40 repeat 
family protein 
Interesting 
miscellaneous At3g08840 D-alanine--D-alanine ligase family 
Kinase  At4g23210 protein kinase family protein 
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Table 6.2   Genes whose expression levels were influenced by 
interaction between host and virus CPs. 
 
Functional class Transcript 
ID_Affymetrix Gene Title_Affymetrix 
Unclassified 
At3g07030 
pseudogene, similar to 
OSJNBa0042L16.13 
Unknown At5g45480 expressed protein 
Unknown At5g51240 --- 
Transporters At5g09400 potassium transporter family protein 
Interesting 
miscellaneous At2g46060 transmembrane protein-related 
Interesting 
miscellaneous At5g59750 riboflavin biosynthesis protein, putative 
Interesting 
miscellaneous At3g03420 Ku70-binding family protein 
Unclassified At2g19750 40S ribosomal protein S30 (RPS30A) 
Unclassified At5g09670 loricrin-related 







tRNA synthetase class I (W and Y) 
family protein 
Heat shock protein At3g47940 DNAJ heat shock protein, putative 
Unknown At5g40500 expressed protein 
Interesting 
miscellaneous At5g41150 repair endonuclease (RAD1) (UVH1) 
Unknown At2g36485 expressed protein 
Interesting 
miscellaneous At4g16120 phytochelatin synthetase-related 




transferase family protein 
Unknown At1g12120 expressed protein 
Interesting 














Table 6.3    Genes whose expression levels were influenced by interaction 






ID_Affymetrix Gene Title_Affymetrix 
Interesting 
miscellaneous At2g37160 
transducin family protein/WD-40 repeat 
family protein 
Defense 




transferase family protein 
Interesting 
miscellaneous At2g17430 
seven transmembrane MLO family protein 
/ MLO-like protein 7  
Defense 
related At5g24970 ABC1 family protein 
Unknown At5g07950 expressed protein 
Interesting 
miscellaneous At1g22660 
tRNA-nucleotidyltransferase, putative / 
tRNA adenylyltransferase, putative 
Hydrolase At2g44460 glycosyl hydrolase family 1 protein 
Protease 
At4g12490 
protease inhibitor/seed storage/lipid 
transfer protein (LTP) family protein 
Unclassified At3g52450 U-box domain-containing protein 
Defense 
related At3g28030 
UV hypersensitive protein (UVH3) / DNA-
repair protein, putative 
Transporter At5g59250 sugar transporter family protein 
Unknown At5g43180 expressed protein 
Unknown At1g49170 expressed protein 
Unclassified At5g09670 loricrin-related 
Heat shock 
protein At3g47940 DNAJ heat shock protein, putative 
Unclassified At5g56940 ribosomal protein S16 family protein 
Interesting 
miscellaneous At3g28850 glutaredoxin family protein 
Unknown At4g24200 expressed protein 
Unknown At3g63210 expressed protein 
Transporter At3g59140 ABC transporter family protein 
Heat shock 
protein At5g23590 DNAJ heat shock protein 
Interesting 
miscellaneous At5g56600 profilin 5 (PRO5) (PRF3) 
Unknown At1g30135 expressed protein 
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6.3.2.4    Pairwise comparison of samples 
In two-way ANOVA, 1.5 times change in gene expression level was set as the 
threshold to retain potentially useful data for further analysis. Even though this 
criterion was not very stringent, it was still possible that some useful data were 
neglected because only the difference caused by interaction between host and viral 
backbone or CP was considered. So it was helpful to use another method by 
consideration of a large range of genes in the analysis.  
 Pairwise comparison was adopted for this purpose, which compared any pair of 
samples instead of just judged the change of expression level caused by interaction of 
host-viral backbone or host-CP as two-way ANOVA did. At the same time, a more 
stringent selection criteron of at least 2 times was used to get a manageable amount of 
differentially expressed genes. As a result, a few hundred of genes were obtained (data 
not shown), and then following the method of a previous study (Marathe et al, 2004) 
they were divided into ten functional classes (Table 6.4).  
Table 6.4    Ten classes of genes were differentially expressed upon 
viral  infection of Arabidopsis protoplasts. 
 
 Functional classes 
1 Defense related  
2 Kinases/phosphatases 
3 Transcriptional regulators 
4 Protein degradation machinery/proteases 
5 Heat shock proteins 
6 Lipases/hydrolases 
7 ROI related 
8 Transporters 
9 Unknown and unclassified 
10 Interesting miscellaneous  
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6.4 Conclusion and discussion 
In this study we obtained CP mutants of TCV-CPHCRSV and HCRSV-CPTCV and 
found that both of them retained infectivity (but weaker than the wild-type viruses’) in 
Arabidopsis protoplasts, and HCRSV-CPTCV retained infectivity while TCV-CPHCRSV 
lost its infectivity in Hibiscus protoplasts. This fact suggested that some processes 
were disturbed in the host-mutant interaction and some genes may be involved in this 
process. Based on these resutlst, we propose a hypothesis as stated below. Host cells 
respond differently to infection of wide type virus TCV, HCRSV, and their CP 
mutants TCV-CPHCRSV and HCRSV-CPTCV, leading to different RNA profiles of 
Arabidopsis protoplasts in the microarray analysis. And while in the interaction of host 
and virus, the host response will then be strengthened or weakened in CP mutants-
infected cells compared with those infected with wide-type due to different gene-gene 
interaction caused by the chimeric viruses. By comparison of the profiles through 
complicated data interpretation, we are able to identify candidate genes specifically 
responding to CP gene, or other viral genes. 
So we intended to find the putative genes that function in the process of 
interaction between host and viruses, and microarray analysis was chosen to meet this 
aim. And for the data we obtained, K-means clustering, two-way ANOVA and 
pairwise comparison were selected to search for the interesting genes from all the 
genes on the Arabidopsis chips.   
Through K-Means clustering, we found some genes whose expression levels 
were influenced by the host-virus interaction and these genes were mainly involved in 
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transcription regulation, signal transduction, protein synthesis and modulation, and 
defense/stress reponse. Moreover, many functionally unknown genes were also 
grouped in the clustering, which were considered to be putative genes that may play 
some roles in the host-virus interaction. All the genes mentioned above responded to 
viral infection in a virus-general or viral-specific way, such as genes specifically 
upregulated by TCV or downregulated by HCRSV CP gene. These results strongly 
support our hypothesis. 
By two-way ANOVA, we identified three groups of genes which were 
differentially expressed under the influence of interaction of host-CP, host-vrial 
backbone, host-interaction of CP and vrial backbone. This result demonstrated that the 
CP alone or the interaction between CP and other viral genes had great influence on 
the host-virus interaction, and further study on these genes will throw light on the 
mechanisms of host-virus interaction.  
And pairwise comparison produced listes of genes which were divied into nine 
functional classes, including defense related, transcription regulation, heat shock 
protein and protein degradation machinery and others, which were previously reported 
as factors involved in host response to viral infection (Marathe et al, 2004). This 
method can act as a supplementary method to search for differentially expressed genes 
that might be neglected in other cases.    
In summary, groups of genes with known or unknown functions were picked out 
as promising candidate genes which are likely to play important roles in plant-virus 
interaciton. Starting with identification of Arabidopsis genes that interact with CPs 
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from TCV and HCRSV and other viral genes that play roles in host response to viral 
infection, we hope to ultimately make clear the mechenisms of interaction between 
host and virus. To verify their functions and to figure out the mechanisms in the 
interaction, many methods could be useful, such as RT-PCR or northern blot 
(Leonhardt et al, 2004; Osakabe et al, 2005), knockout mutation or over-expression of 
genes (Glawischnig et al, 2004; Gechev et al, 2004) and integration of metabolomics 
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 Name Sequence 
1 TCVpri1 5-CGGAATTCCCTACAACTCTCTAAGCG-3 
2 TCVpri2 5-CTTCTGCAGCATTTCCAGTGTTGATGCTTA-3 
3 TCVpri3 5-GCCTGTAGGAACTAGTACGGTAATAGTGTA-3 
4 TCVpri4 5-GGACTAGTTTTCCAGTCTAATGCCCGCA-3 
5 HCPmuta1 5-TCAACACTGGAAATGCTGCAGAAGAATGAC-3 
6 HCPmuta2 5-ACTATTACCGTACTAGTTCCTACAGGCCCA-3 
7 HCRSVpri1 5'-CATGCCATGGACATTGAGCTTGAG-3' 
8 HCRSVpri2 5'-TTGCAAGCACTCAGAATTTAGGTG 
TGTATTGTATGGGCCTCCGTG-3' 
9 HCRSVpri3 5'-CACGGAGGCCCATACAATACACAC 
CTAAATTCTGAGTGCTTGCAA-3' 
10 HCRSVpri4 5'-TCCCCGCGGTGGCGGCCGCTCTAG-3' 
11 TCP1 5'-CATGCCATGGCTATGGAAAATGATCCTAGAGTC-3'
12 TCP2 5'-CCGCTCGAGTTAAATTCTGAGTGCTTGC-3' 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
